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PREFACE
Assessment of the flow of soluble dietary non-ammonia nitrogen escaping degradation in
the rumen of dairy cows fed grass silage based diets
The thesis is based on the following original publications subsequently referred to in the text
by Roman numerals:
I. Choi, C.W., Ahvenjärvi, S., Vanhatalo, A., Toivonen, V. & Huhtanen, P.  2002.
Quantitation of the flow of soluble non-ammonia nitrogen entering the omasal canal
of dairy cows fed grass silage based diets. Animal Feed Science and Technology. 96:
203-220.
II. Choi, C.W., Vanhatalo, A., Ahvenjärvi, S. & Huhtanen, P. 2002. Effects of
several protein supplements on flow of soluble non-ammonia nitrogen from the
forestomach and milk production in dairy cows. Animal Feed Science and
Technology. 102: 15-33.
III. Choi, C.W., Vanhatalo, A. & Huhtanen, P. 2002. Concentration and estimated flow
of soluble non-ammonia nitrogen entering the omasum of dairy cows as influenced by
different protein supplements. Agricultural and Food Science in Finland. 11: 79-91.
IV. Choi, C.W., Vanhatalo, A. & Huhtanen, P. 2002. Effects of type of grass silage and
level of concentrate on the flow of soluble non-ammonia nitrogen entering the
omasum of dairy cows. Submitted to Journal of Animal and Feed Sciences.
Articles are reprinted with the kind permission of copyright owners Elsevier Science and
Agricultural and Food Science in Finland.
All experiments were carried out at Animal Production Research, MTT Agrifood Research
Finland in Jokioinen.
The author participated in experiments and calculating data reported in publications I, III and
IV and was the main author of published material. For publication II, the author planned and
conducted the experiment, and took full responsibility for the calculation, interpretation and
publication of experimental data.
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ABBREVIATIONS
AA Amino acids
a-fraction Rapidly degraded nitrogen in the rumen
b-fraction Slowly degraded nitrogen in the rumen
CNCPS Cornell net carbohydrate and protein system
CP Crude protein
DM Dry matter
EPD Effective protein degradability
FM Fishmeal
GS Grass silage
kd Rate of degradation in the rumen
MGM Maize gluten meal
NAN Non-ammonia nitrogen
NDF Neutral detergent fibre
NHA Ninhydrin assay
NPN Non-protein nitrogen
OD Omasal digesta
RD Rumen digesta
RE_NPool Rumen escapable nitrogen pool
RNE_NPool Rumen non-escapable nitrogen pool
RSM Rapeseed meal
SBM Soybean meal
SNAN Soluble non-ammonia nitrogen in the liquid phase of digesta
SMP Skimmed milk powder
TCA Trichloroacetic acid
WDS Wet distiller’s solubles
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ABSTRACT
This thesis is comprised of four experiments conducted to measure the flow of soluble non-ammonia
nitrogen (SNAN) fractions in the liquid phase of digesta entering the omasal canal of dairy cows fed
grass silage based diets. In situ methods have traditionally been used to estimate the degradability of
dietary protein in the rumen. However, this approach is based on two assumptions, that the rapidly
degraded N (a-fraction) is degraded at an infinite rate and that the slowly degraded N (b-fraction) is
immediately converted to ammonia with no production of amino N. Studies reported in this thesis were
conducted to challenge these assumptions. The main objectives of the current work were to establish a
reliable method to estimate SNAN fractions in the liquid phase of digesta (I), quantify the flow of
SNAN escaping ruminal degradation (I – IV) and evaluate the effect of diet on the extent of SNAN
flow (II – IV).
Liquid flow from the rumen was determined using LiCoEDTA as a marker (I – IV), whereas SNAN
entering the omasum was fractionated into microbial and non-microbial N (defined as dietary N) using
15N. Rumen (II) and omasal digesta (OD) (I – IV) were sampled at 1.0 (II – IV) or 1.5 h (I) intervals
during a 12 h feeding cycle, sequentially centrifuged to eliminate microbes, treated with trichloroacetic
acid and centrifuged. Different SNAN fractions measured using the ninhydrin assay (NHA) were
defined as;
Free amino acid (AA) N: measured in supernatant without acid hydrolysis.
Peptide N: measured after hydrolysis of supernatant minus free AA N.
Soluble protein N: measured following hydrolysis of tricholoroacetic acid precipitate.
Free AA N and peptide N fractions were corrected for ammonia N in I and II, but not for III and IV
because ammonia N was eliminated using an alkaline-heating treatment prior to NHA. The soluble
protein N fraction was not corrected for ammonia N because the precipitated pellet was assumed to
contain negligible amounts of ammonia N.
In study I, measurements of free AA N using NHA and AA analyser were in good agreement (R2 =
0.93) as were SNAN concentrations determined by Kjeldahl N and NHA (R2 = 0.88). The
concentration of each SNAN fraction of OD averaged 15.8, 79.5 and 30.5 mg N/l for free AA N,
peptide N and soluble protein N, respectively. Mean microbial contribution to SNAN was estimated as
0.61. The proportion of dietary SNAN in total dietary NAN flow averaged between 0.05 – 0.09.
Peptide N concentration peaked 1.0 h post-feeding and declined by 7.0 h post-feeding.
Protein supplements tended (P < 0.10) to improve milk yield (mean, 1.7 kg/d) and increased (P < 0.05)
SNAN concentration in OD (II). However, SNAN concentration was independent of the source of
dietary protein. Peptide N (mean, 58 mg N/l) constituted the largest proportion of total SNAN. The
concentration of individual SNAN fractions were higher in OD relative to ruminal digesta, with the
exception for soluble protein N fraction that was extremely low in both OD and ruminal digesta.
Ruminal escape of SNAN derived from each protein supplement (eSNAN) was estimated to be 118,
113, 136 and 96 g/kg of N in skimmed milk powder, wet distiller’s solubles, untreated rapeseed meal
and chemically-treated rapeseed meal, respectively. The eSNAN was poorly related to feed soluble N
content.
For study III, concentrations of peptide N (P = 0.009) and total SNAN (P = 0.03) in OD increased by
protein supplements. Peptide N, quantitatively the most important fraction in SNAN, averaged 56.0,
81.0, 78.4 and 72.8 mg N/l for control, fishmeal, soybean meal and maize gluten meal, respectively.
The eSNAN was relatively low being 49, 22 and 37 g/kg for fishmeal, soybean meal and maize gluten
meal, respectively, whereas soluble NAN intake from protein supplements represented 23, 28 and 8 g
N/d, respectively. Use of 15N as a microbial marker indicated that proportionately 0.64 of SNAN
escaping ruminal degradation was of microbial origin. Based on 15N-enrichment, the proportion of
dietary SNAN in total dietary NAN averaged 0.05.
Feeding silage prepared from primary compared with secondary grass growth tended (P = 0.09) to yield
higher OD peptide N concentrations, whilst the level of barley supplementation had no effect (P > 0.10)
on SNAN fractions (IV). Concentrations of SNAN averaged 22.3, 59.8 and 23.1 mg N/l for free AA N,
peptide N and soluble protein N, respectively. The dietary contribution to SNAN flow averaged 9.1 g
N/d (based on proportionately 0.71 of SNAN being of microbial origin) and accounted for
proportionately between 0.05 – 0.08 of total dietary NAN.
vClose relationship were observed between a-fraction intake and the flow of peptide N and free AA N
(R2 = 0.94) or that of total SNAN (R2 = 0.73). Use of multiple regression indicated that proportionately
between 0.05 – 0.08 of the a-fraction intake escaped degradation in the rumen.
Similar estimates of SNAN flow measured in studies I – IV were predicted using a dynamic model
assuming rates of ruminal degradation of 5.0, 2.2 and 6.5 /h for soluble proteins, peptides and free AA,
respectively. Model simulations indicated that i) increases in dry matter intake increased the flow of
SNAN fractions, ii) replacing forage with concentrate feeds increased the flow of peptide N and soluble
protein N, iii) protein supplements increased the flow of SNAN fractions and iv) increases in the
proportion of insoluble N in dietary protein marginally reduced the flow of free AA N and peptide N.
Overall, the data indicates that NHA can be used for reliable estimation of SNAN flow escaping the
rumen. Relatively high SNAN in the liquid phase of rumen digesta in dairy cows fed grass silage based
diets indicates that soluble as well as insoluble dietary protein can escape ruminal degradation. Since
peptide N was quantitatively the most important fraction in SNAN, it appears that hydrolysis of
peptides to AA is the rate limiting step of ruminal proteolysis. In addition, the concentrations of SNAN,
primarily as peptide N, increased with supplements of dietary proteins. The high microbial contribution
to SNAN indicates that a substantial amount of SNAN in the liquid phase of OD was of microbial
origin. Simulated estimates of SNAN fractions based on a dynamic model were consistent with in vivo
data. Use of in vivo, multiple regression and simulated data indicated that proportionately 0.08 of
dietary soluble N in feeds escapes ruminal degradation. In conclusion, the present results indicate that
the assumptions of the in situ method are not valid, and that the current procedures can be used to
provide a more reliable evaluation of protein degradation in the rumen.
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11. INTRODUCTION
1.1. Proteolysis in the rumen
Proteolysis in the rumen involves a series of catabolic reactions by rumen microbes, enzyme
activities and interaction between the microbes (Cotta and Hespell 1986, Wallace 1988).
Degradation of dietary protein has been extensively reviewed (Tamminga 1979, Chen et al.
1987a, 1987b, Wallace and McKain 1990). Protein metabolism in the rumen includes both
degradation of dietary protein and synthesis of microbial protein, that results in substantial
modification, both qualitatively and quantitatively of ingested protein. Hence, prediction of
the supply of absorbed amino acids (AA) is more complicated in ruminants compared with
simple-stomached animals. Owing to difficulty in differentiating between protein of dietary
and microbial origin, the rate and extent of ruminal proteolysis are difficult to measure
accurately.
Forage proteins consist of fraction 1 leaf protein, fraction 2 leaf protein and chloroplast
membrane proteins (Van Straalen and Tamminga 1990, Nolan 1993). Feed proteins,
endogenous salivary proteins, sloughed epithelial cells and the remains of lysed microbes
consitute a potentially fermentable N pool (Nolan 1993). In general, dietary proteins including
other types of proteins are degraded to oligopeptides, small peptides, AA and ammonia in the
rumen. Dietary proteins not degraded in the rumen are often referred to as undegraded dietary
proteins, rumen escapable proteins or bypass proteins.
1.1.1. Degradation of proteins
Bacteria are the most important microbes for the degradation of proteins to peptides (Wallace
1988). Bacteroides ruminicola are the major proteolytic rumen bacteria, but it has been
suggested that proteases of mixed bacteria degrade proteins together because of the synergism
between bacterial species arising from complementary specificities (Wallace 1991). Mixed
rumen protozoa also play an important role in the breakdown of particulate, soluble and
microbial protein (Hino and Russell 1987) and express a variety of protease activities, e.g.
cysteine and aspartic acid proteases (Forsberg et al. 1984). Although rumen protozoa exhibit
relatively low activitities for soluble proteins, they degrade protein-rich feed particles,
bacteria and chloroplasts (Hino and Russell 1987, Ushida et al. 1991). It has also been
established that many protozoa species possess intracellular proteases (Coleman 1983, Nolan
1993).
21.1.2. Degradation of peptides
Poly- or oligopeptides derived from the degradation of proteins are subsequently metabolised
by rumen microbes to small peptides and AA. Peptidolysis primarily involves rumen bacteria,
with the exception of dipeptides (Wallace 1991) which are hydrolysed by ciliate protozoa
(Newbold et al. 1989). Peptides often accumulate in the rumen immediately post-feeding,
particularly in the presence of rapidly degradable protein (Broderick and Wallace 1988). This
implies that peptides may not accumulate if the protein is slowly degraded in the rumen.
Nugent and Mangan (1981) and Chen et al. (1987a) reported that peptide accumulation
depends on the rates of proteolysis and extracellular peptide hydrolysis by rumen microbes.
Quantitatively, peptide N is generally higher than free AA N or soluble protein N in the
rumen (Chen et al. 1987a, Nolan 1993) indicating the importance of peptidolysis and the
possibility that this is the rate-limiting step. Furthermore, several bacteria have been identified
that convert peptides to AA rather than ammonia (Wallace and McKain 1990).
1.1.3. Degradation of amino acids
Although rumen bacteria utilise ammonia as N sources (Wallace 1991, Nolan 1993), in vitro
incubations have shown that several bacteria have a preference for preformed AA, as
indicated by more rapid and efficient growth of mixed rumen bacteria when N was provided
as enzymatic hydrolysates of casein and soybean rather than ammonia (Van Kessel and
Russell 1996). Protozoa are often more active in deaminating AA and liberating ammonia
than bacteria (Broderick et al. 1991). The importance of protozoa is evident following
defaunation resulting in decreased rumen ammonia concentrations and higher rumen outflows
of dietary protein (Broderick et al. 1991, Nolan 1993).
Concentrations of AA in ruminal digesta (RD) are relatively low even immediately after
feeding (Wright and Hungate 1967, Broderick et al. 1991, Nolan 1993), leading to the
suggestion that protein degradation is potentially the rate-limiting step of rumen proteolysis
(Tamminga 1979, Van Straalen and Tamming 1990). However, this fails to take into account
the faster uptake of peptides than AA by rumen bacteria (Chen et al. 1987a, Wallace 1991).
Increased concentrations of free AA in RD have been observed in cows fed lucerne silage
compared with lucerne hay (Broderick 1995, Vagnoni and Broderick 1997) that probably
reflects extensive degradation of silage crude protein (CP) in the rumen (Vagnoni and
Broderick 1997), and the relatively high concentration of peptide N and free AA N in silage
(McDonald et al. 1991, Broderick 1995, Nsereko et al. 1998).
31.2. Protein evaluation systems
1.2.1. In vivo methods
All modern protein evaluation systems are based on estimates of microbial protein synthesis
and degradation of dietary protein in the rumen (Sniffen et al. 1992, Madsen et al. 1995, NRC
2001). In vivo estimates of ruminal protein degradability have generally relied on the use of
surgically modified animals and microbial and digesta flow markers (Siddons et al. 1982,
Firkins et al. 1987, Broderick and Merchen 1992, Ahvenjärvi et al. 1999). This approach is
subjected to serious criticism (Van Straalen and Tamminga 1990), e.g. owing to
unrepresentative sampling of digesta, difficulty in distinguishing between dietary and
microbial protein and the contribution of endogenous secretions, which can vary depending
on sampling site location. Undegraded feed N in duodenal digesta is estimated as the
difference between total N flow and microbial N flow often corrected for endogenous N.
According to Van Straalen and Tamminga (1990), experimental techniques used to measure
the flow of nutrients entering the duodenum have a number of limitations that give rise to
inaccurate estimates of undegraded dietary N.
1.2.2. In vitro methods
In vitro methods using N solubility (Crooker et al. 1978), commercial proteases (Mahadevan
et al. 1987, Luchini et al. 1996) and strained RD as the inoculum containing inhibitors
(Broderick 1987) have been developed to estimate the rate and extent of ruminal protein
degradation. Results based on N solubility are dependent on solvent type (Crooker et al.
1978), and are unable to distinguish between degraded and undegraded protein (Hristov and
Broderick 1994). In the approach using proteases (Mahadevan et al. 1987) accumulation of
ammonia and AA in ruminal incubations may be misleading indicators of protein degradation
because protein breakdown and microbial protein synthesis occur simultaneously (Hristov and
Broderick 1994). Luchini et al. (1996) found lower rates (kd) of ruminal degradation measured
using commercial proteases (trypsin, carboxypeptidase A, B and chymotrypsin) compared
with strained RD, and concluded that the in vitro method using commercial enzymes is
unreliable for estimating ruminal protein degradability. Broderick (1987) developed an in
vitro system using strained RD containing chloramphenicol with hydrazine sulphate. These
compounds inhibited microbial growth without a significant reduction in degradation rate
over 4 h such that kd (/h) of casein was approximately 0.40 (Broderick 1987). However, a 4 h
incubation may be insufficient, because inhibitors would be expected to interfere with normal
microbial protein degradation during longer incubations. For example, Siddons et al. (1982)
4was unable to detect degradation of protein in the presence of hydrazine sulphate during a 24
h incubation.
The cornell net carbohydrate and protein system (CNCPS) has been developed to fractionate
dietary protein N using chemical reagents (Sniffen et al. 1992, Licitra et al. 1996). Within the
CNCPS, non protein N (NPN) is defined as the A fraction, while true protein (B) is
fractionated into soluble true protein N (B1), neutral detergent soluble protein N (B2) and
neutral detergent insoluble, but acid detergent soluble protein N fractions (B3) based on
solubility in various solutions. The acid detergent insoluble N is defined as the C fraction that
is considered to represent indigestible protein. However, this system has been developed in
the absence of ruminal incubations and therefore fails to distinguish between microbial and
non-microbial components. In addition, the CNCPS assumes that the A fraction is rapidly
converted to ammonia and that the B1 fraction is completely degraded in the rumen (Sniffen et
al. 1992). Such assumptions imply that no proteins from the A and B1 fractions can escape the
rumen, in spite of developers noticing that transient amounts of peptides and proteins can
escape the rumen when proteins are rapidly degraded. According to the CNCPS, the kd of B
fractions varies between 0.0004 – 2.6 /h for typical feeds (Sniffen et al. 1992), whilst the use
of different chemical reagents has introduced substantial variation in measurements of N
fractions in feeds (Licitra et al. 1996).
1.2.3. In situ method
Owing to the variation in estimates of ruminal protein degradability obtained using laborious
in vivo and in vitro methods (Crooker et al. 1978, Siddons et al. 1982, Van Straalen and
Tamminga 1990), researchers tried to develop methods that allowed a more simple and
reliable estimate. Use of the in situ method that involves ruminal incubation of feed samples
in nylon bags is probably the most widely used method because of its simplicity, directness
and cost effectiveness (Ørskov and McDonald 1979, Van Straalen and Tamminga 1990,
Volden and Harstad 1995). In addition, it can be used to estimate degradability of individual
feeds. However, the validity of estimates obtained using the in situ method has been an area
of concern due to numerous sources of variation. The factors responsible are well documented
and include the effects of bag porosity (Nocek 1988, Michalet-Doreau and Ould-Bah 1992),
feed sample particle size (Lindberg 1985, Varvikko and Lindberg 1985), the ratio of sample
weight to bag surface area (Michalet-Doreau and Ould-Bah 1992), microbial contamination of
feed particles (Varvikko and Lindberg 1985), bag washing procedures (Nocek 1988), bag
placement in the rumen (Michalet-Doreau and Ould-Bah 1992), particle losses (Van Straalen
and Tamminga 1990) and lower microbial colonisation of incubated samples compared with
5rumen digesta (Huhtanen et al. 1998). In the in situ method, effective protein degradability
(EPD) is calculated as EPD = a + (b × c) / (c + kp) where a, b and c represent instantly
degradable protein N fraction, slowly degradable protein N fraction and the rate of
degradation of b, respectively, while kp is defined as the rate of passage of b from the rumen.
The model used to estimate EPD assumes the random passage of particles, and takes no
account of selective retention of feed particles in the rumen (Huhtanen et al. 1993) which are
thought to influence EPD (Pond et al. 1988, Huhtanen et al. 1993). Furthermore, the in situ
method also assumes that the a-fraction can be degraded at an infinite rate and that only
insoluble dietary N escapes the rumen. However, this assumption has been shown to be
seriously flawed (Dhanoa et al. 1999, Volden et al. 2002), and is inconsistent with the
presence of substantial concentrations of soluble non-ammonia N (SNAN) in the liquid phase
of RD that can potentially escape degradation in the rumen. Concentrations of different
SNAN fractions have been reported as 10 mg N/l of free AA N (Williams and Cockburn
1991), 103 mg N/l of peptide N (Chen et al. 1987a) and 15 mg N/l of soluble protein N
(Robinson and McQueen 1994, Robinson et al. 1998).
1.3. Experimental objectives
Accurate evaluation of the digestion of protein feeds in the rumen is important in attempts to
improve utilisation of dietary protein, and hence reduces environmental N emissions and
minimise production costs, since protein feeds are typically the most expensive. None of the
protein evaluation systems currently in use are ideal for this purpose and require further
improvement.
The current thesis is comprised of studies that attempted to measure the flow of SNAN
fractions in the liquid phase of digesta entering the omasal canal of dairy cows fed grass
silage (GS) based diets. The objectives of this study were to develop methods for the reliable
measurement of free AA N, peptide N and soluble protein N in digesta and quantify
concentrations and flow of SNAN escaping ruminal degradation. In addition, the effect of diet
(forage type, level of concentrate feeding and amount and type of protein) on the extent of
SNAN flow was assessed. Furthermore, microbial contribution to SNAN flow was taken into
account using 15N as a microbial marker.
62. MATERIALS AND METHODS
2.1. Experimental animals and feeds
Experimental animals, diets, feeding types and the primary objective of each study are
summarised in Table 1.
All studies used lactating Finnish Ayrshire cows fitted with rumen cannula. Mean cow live
weight (standard error) was 571 (33), 534 (43), 668 (55) and 607 (53) kg for studies I, II, III
and IV, respectively. Each cow was individually housed and had free access to drinking water
and a salt block.
All cows were fed grass silage based diets. In study I, four dairy cows were offered GS ad
libitum, as that supplemented with barley, rapeseed meal (RSM) or barley and RSM. The
basal diet used in the second experiment (II) consisted of GS and barley concentrate. Part of
the basal diet dry matter (DM) was replaced by one of four isonitrogenous protein
supplements, skimmed milk powder (SMP), wet distiller’s solubles (WDS), untreated RSM
and treated RSM. In the third experiment (III), cows were offered GS and a barley
concentrate containing none or fishmeal (FM), soybean meal (SBM) or maize gluten meal
(MGM). Protein supplements were included to provide similar amounts of dietary CP. In the
fourth experiment (IV), four dietary treatments consisted of GS harvested from primary or
secondary sward growth fed ad libitum supplemented with 6.0 or 10.0 kg/d (air dry basis) of a
barley concentrate containing 2.1 kg/d of RSM.
Grass silage used in all experiments was prepared from swards predominating in timothy
grass (Phleum pratense) and red clover (Trifolium pratense) (I) or timothy grass and meadow
fescue (Festuca pratensis) (II, III, IV). Grass was ensiled using a formic acid based additive.
Details of ensiling procedures are described in each individual paper (I – IV).
2.2. Experimental procedures
Experimental procedures are described in detail for each study (I – IV).
For studies I and II, feed N was fractionated into A (NPN), true protein that was fractionated
into B1 (true soluble protein N), B2 (neutral detergent-soluble protein N) and B3 (neutral
detergent-insoluble but acid detergent-soluble protein N), and C (protein N insoluble in acid
detergent) according to the CNCPS (Sniffen et al. 1992, Licitra et al. 1996). In studies III and
IV, soluble N fractions of feeds (ammonia N, free AA N, peptide N and soluble protein N)
7were measured by a colorimetric method (McCullough 1967) and the ninhydrin assay (NHA)
using L-leucine as a calibration standard (Rosen 1957).
Table 1. Summary of studies I – IV
Std. Anima Basal diet Dietary treatmentc Feeding system Primary aims
I 4 cows GSb i) no supplement
ii) barley
iii) RSM
iv) barley + RSM
GS ad libitum - Reliability of ninhydrin assay
- Quantitation of SNANd
- Microbial contribution to
SNAN using 15N
II 5 cows GS + barley i) no supplement
ii) SMP
iii) WDS
iv) untreated RSM
v) treated RSM
Restricted
(isonitrogenous)
- Effects of protein supplements
on SNAN in ruminal and
omasal digesta
- Effects of soluble and
insoluble protein on SNAN
- Effect of chemical treatment of
RSM on SNAN
- Effects of protein supplements
on milk production
- In situ protein degradability
- SNAN in rumen vs. omasal
digesta
III 4 cows GS + barley i) no supplement
ii) FM
iii) SBM
iv) MGM
Restricted
(isonitrogenous)
- Effects of protein supplements
on SNAN entering the omasum
- Animal vs. plant protein feeds
on SNAN flow
- Soluble vs. insoluble plant
protein feeds on SNAN flow
- Microbial contribution to
SNAN using 15N
IV 4 cows GS + barley
+ RSM
i) 1st GS + LB
ii) 1st GS + HB
iii) 2nd GS + LB
iv) 2nd GS + HB
GS ad libitum - Type of GS on SNAN flow
- Level of barley on SNAN flow
- Microbial contribution to
SNAN using 15N
a
 Finnish Ayrshire dairy cows used in all cases.
b
 Grass silage.
c
 RSM = rapeseed meal, SMP = skimmed milk powder, WDS = wet distiller’s solubles, FM = fishmeal,
SBM = soybean meal, MGM = maize gluten meal, 1st GS = GS prepared from primary growth, 2nd GS
= GS prepared from secondary growth, LB = low level of barley, HB = high level of barley.
d
 SNAN = soluble non-ammonia nitrogen.
8Digesta flow into the omasum was estimated using a triple marker method (France and
Siddons 1986) based on indigestible neutral-detergent fibre (NDF), Yb-acetate and
LiCoEDTA as markers for large particle, small particle and liquid phase, respectively. In I, III
and IV, priming doses of LiCoEDTA and Yb-acetate were given at 60 h prior to the collection
of the first sample of digesta in order to obtain steady-state conditions more rapidly.
Thereafter both markers were infused continuously into the rumen. In study II, Co was mixed
with rumen contents and inserted into the rumen at 0.5 h before morning feeding. Rumen
outflow rate was calculated as the slope of the regression plotted using natural logarithm of
Co concentration against time. Cobalt concentration at zero h was calculated as the anti-
logarithm of the intercept. Rumen volume was calculated as Co dose divided by the Co
concentration at 0 h, while the outflow of liquid per day was estimated as rumen volume ×
rumen outflow rate × 24.
Microbial contribution to SNAN in omasal digesta (OD) was estimated using 15N-enriched
ammonium sulphate as a microbial marker (I, III, IV). Samples of OD submitted for 15N-
enrichment were prepared using the same procedures used for SNAN described below. The
pH of supernatant derived from a high-speed centrifugation (10000 × g at 4 ºC for 30 min)
was increased above 10 to eliminate ammonia N residues. Test tubes containing the
supernatant of OD were loosely capped and incubated at 150 ºC for 24 h, frozen at –20 ºC and
freeze-dried (I). In studies III and IV, the supernatant of OD was uncapped and incubated at
60 ºC for 48 h to dry up. Dried samples equivalent to approximately 100 µg of N for 15N-
enrichment were weighed into a tin capsule (tin capsules 12 mm × 5 mm, Europa Scientific
Ltd., Crewe, UK) and analysed using a Roboprep-CN analyzer (Europa Scientific Ltd.,
Crewe, UK) linked to a VG Micromass 622 mass spectrometer (VG Micromass Ltd.,
Winsford, UK).
Ruminal digesta was collected from the dorsal sac of the rumen via the rumen cannula.
Digesta from the omasal canal was sampled using the omasal sampling technique described
by Huhtanen et al. (1997) incorporating the modifications of Ahvenjärvi et al. (2000). Digesta
obtained on each sampling interval was acidified with 10% H2SO4 (I – IV) or immediately
frozen in liquid N (I). A simple scheme of the isolation and measurement of SNAN is
presented in Figure 1. Samples of RD or OD squeezed through four (II – IV) or eight layers
(I) of cheesecloth were initially centrifuged at 1000 × g at 4 ºC for 10 min to eliminate small
particles and rumen protozoa, followed by high-speed centrifugation (10000 × g at 4 ºC for 30
min) to remove rumen bacteria. Supernatant was treated with trichloroacetic acid (TCA; final
concentration 5% w/v) to precipitate soluble protein, placed in ice overnight and centrifuged
9(10000 × g at 4 ºC for 30 min). The resultant supernatant was assumed to contain free AA,
peptide and ammonia while the TCA-precipitated pellet was assumed to be primarily
comprised of soluble protein. The pellet was carefully washed with 5% TCA to remove
attached residues. Both the supernatant and the rinsed pellet were treated with 6 M HCl (as
final concentration) previously flushed with N2 for 45 min. Each sample was then flushed
with N2 for 20 – 30 seconds prior to acid hydrolysis. Tubes containing either the supernatant
or the pellet were tightly capped and hydrolysed at 110 ºC for 24 h. Different N fractions of
SNAN in RD and OD were assessed using the NHA.
Free AA: estimated as N in the supernatant without acid-hydrolysis.
Peptide: estimated as N of hydrolysed supernatant minus free AA N.
Soluble protein: estimated as N from the hydrolysis of TCA-precipitate.
Free AA N and peptide N fractions were corrected for ammonia N in I and II, but not for III
and IV because ammonia N was eliminated using an alkaline-heating treatment prior to NHA.
The soluble protein N fraction was not corrected for ammonia N because the precipitated
pellet was assumed to contain negligible amounts of ammonia N.
Protein degradability of all the feeds in studies I – IV was measured using the in situ method.
Details of the in situ method are described in study II. In brief, GS was chopped to a length of
10 mm, whilst concentrates were milled through a 2-mm screen. Approximately 2.5 g of feed
DM was incubated in bags (60 × 120 mm: porosity, 38 µm) made of polyester cloth. All bags
were inserted into the rumen via the cannula and incubated for 2, 4, 8, 16, 24, 48, 72 and 96 h.
Additional incubation times of 120 and 144 h were used for FM and MGM (III). After
removal, bags were rinsed in a washing machine with cold tap water for approximately 1 h
and then dried in a forced-draft oven (60 ºC) for 48 h. Zero h washing losses were determined
using the same procedure without incubation in the rumen. Soluble N of concentrates was
analysed to correct for N leaving the bag due to particle losses. Total N and DM of feeds were
measured using routine procedures described by Vanhatalo et al. (1996). Correction of the
disappearance values of concentrates due to particle losses was conducted according to
Weisbjerg et al. (1990). A non linear equation was fitted to N disappearance data (McDonald
1981) to calculate rapidly (a) and slowly (b) degradable N fractions, the rate (c) of b
degradation and lag phase. Effective protein degradability of feeds was calculated according
to Ørskov and McDonald (1979) using rumen outflow rates of 0.02, 0.03 and 0.04 /h for GS,
barley and protein supplements, respectively (Tuori et al. 2000).
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Figure 1. Schematic for the isolation and measurement of soluble non-ammonia N in digesta
RUMINAL (or OMASAL) DIGESTA
Large feed particles Filter through cheesecloth
FLUID
Low speed centrifugation  (1000 x g, 10 min, 4 °C)
SUPERNATANT
(bacteria, free AA, peptides, soluble protein, ammonia)
Pellet
(small particles, protozoa)
Precipitation using 5% Trichloroacetic acid
(final concentration w/v)
High speed centrifugation (10000 x g, 30 min, 4°C)
SUPERNATANT
(free AA, peptides, soluble protein, ammonia)
Pellet (bacteria)
SUPERNATANT
(free AA, peptides, ammonia)
High speed centrifugation (10000 x g, 30 min, 4 °C)
PELLET
(soluble protein)
Ammonia Alkaline addition and heating
(60 °C, 20 min)
SAMPLE
(free AA, peptides)
Ninhydrin assay
Ninhydrin assay
Hydrolysis
(6 N HCl, 110 °C, 24 h)
Hydrolysis
(6 N HCl, 110 °C, 24 h)
Peptide bound AA + free AA
Free AA
Ninhydrin assay
Soluble protein bound AA
Peptide bound AA
Calculation by difference
Add 10% sulphuric acid (final pH 3.0)
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2.3. Calculations
Relationships between soluble or insoluble N intake and SNAN fractions were investigated in
order to establish if feed composition or dietary N fractions measured using the in situ method
could predict SNAN flow leaving the rumen. In general, a quantitative relationship between
these parameters is derived using regression methods. However, this type of approach often
ignores that observations within a study have more in common than those across studies and
differences in the accuracy of within and between study measurements (St-Pierre 2001). This
potential source of error was taken into account using study as a random factor (St-Pierre
2001) that avoids the two common oversights, i.e. ignoring the blocking effect of experiments
and heterogeneity of variances. Data concerning concentrations of SNAN fractions was
extended using data reported in the literature. Statistical analysis conducted using the MIXED
procedure of SAS (St-Pierre 2001) was initially considered on the basis of concentration
because the majority of published measurements are reported on concentration basis.
Therefore, SNAN flow data was analysed using the same statistical model but confined to
data reported in I – IV.
A dynamic model of ruminal N metabolism in dairy cows was simulated using Powersim ©
(version 2.5, Isdalstø, Norway) and Microsoft ® Excel (version 97 SR-1, Microsoft
corporation, USA) software. Simulations were conducted to predict the effect of diet on the
flow of SNAN escaping the rumen and provide fermentative estimates of degradation
constants. Details of the dynamic model are described in section 3.3.3.1.
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3. RESULTS AND GENERAL DISCUSSION
3.1. Experimental techniques
3.1.1. Sampling procedure
Typically, rumen digestion studies require experimental animals fitted with abomasal or
duodenal cannula in addition to rumen cannula. Undegraded feed N in abomasal or duodenal
digesta is measured as the difference between total N flow and microbial N flow corrected for
endogenous N. Because of methodological indirectness, a large error from the method is often
involved into estimates of undegraded feed N (Van Straalen and Tamminga 1990). In studies
I – IV, digesta was collected from the omasal canal using an omasal sampling device, whereas
both RD and OD were collected in study II to compare SNAN flow between different sites.
Mean concentrations of free AA N, peptide N and total SNAN were higher for OD compared
with RD (II). Total SNAN concentrations between RD and OD were closely related (R2 =
0.93), and clearly higher for OD than RD during the entire feeding cycle (II). This may result
from the higher functional specific gravity of concentrate particles than that of forages,
leading to more concentrate particles entering into the reticulum rather than the rumen pool
after feeding. The omasal sampling technique has the advantages of minimising potential
contamination of endogenous N compared with measurements based on sampling of
abomasal or duodenal digesta (Ørskov et al., 1986). Furthermore, samples of OD are devoid
of exposure to acid pepsin hydrolysis occurring in the abomasum (Huhtanen et al. 1997).
Clearly, the use of the omasal sampling technique provides a new opportunity for the accurate
quantification of rumen N metabolism (Ahvenjärvi et al. 2000).
A preliminary investigation of sample preservation methods was conducted based on treating
RD with strong H2SO4 (final pH of digesta, 1.0), weak H2SO4 (pH 3.0) or liquid N.
Concentrations of peptide N were much lower in RD treated with strong H2SO4 relative to
weak H2SO4 or liquid N (Figure 2). Concentrations of free AA N were highest using liquid N
while the concentrations of peptide N were lowest for RD treated with strong H2SO4. The sum
of free AA N and peptide N concentrations was rather similar between digesta preserved with
liquid N and weak H2SO4, but was lower when strong H2SO4 was used. This suggests that the
strong acid treatment may not prevent hydrolysis of peptides and proteins and cell lysis. It
appears that the use of weak acid or liquid N represents an appropriate procedure for
minimising microbial activity during the preservation of the digesta although microbial lysis
may occur from these treatments.
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Figure 2. Comparison of methods for the preservation of soluble non-ammonia N (SNAN) in
digesta (Values are based on duplicate measurements of the liquid phase of rumen digesta
obtained from two dairy cows fed grass silage alone or that supplemented with barley and
rapeseed meal)
3.1.2. Analytical methods
Often TCA has been used to precipitate soluble protein in the liquid phase of digesta (Chen et
al. 1987a, 1987b, Broderick and Wallace 1988, I – IV). The principle of TCA-method is that
TCA reacts with soluble proteins to form non-ionising Cl3-C resulting in proteins becoming
completely insoluble (Grimbleby and Ntailianas, 1961). Winter et al. (1964) reported that
tungstic acid precipitated polypeptides as well as proteins in RD. This may be true because
tungstic acid usually precipitates proteins down to the size of approximately 3 AA, whereas
the cut-off for TCA is about 10 AA (Licitra et al. 1996). Consequently, tungstic acid may
underestimate peptide N and overestimate soluble protein N in digesta (Chen et al. 1987a).
Furthermore, 4 to 5% as a final concentration particularly for TCA is often recommended and
widely accepted (Marais and Evenwell 1983, Robinson and McQueen 1994, Nsereko et al.
1998, I – IV).
Ammonia elimination using alkaline-heating from supernatant of digesta prior to NHA has
been criticised on the basis that this only removes proportionately 0.88 of ammonia N
(Wallace and McKain 1990). However, other studies have shown that this procedure can
remove proportionately between 0.95 to 0.99 of ammonia N in RD (Chen et al. 1987a) or in
OD (III). In studies I and II, SNAN data was obtained differently, such that SNAN fractions
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were analysed without removing ammonia. Ammonia N was measured using a colorimetric
method (McCullough 1967) and SNAN fractions were calculated by difference. However, the
yield of colour from ammonia has on a molar basis been shown to be proportionately 0.60 of
that of L-leucine (Rosen 1957), indicating the potential for interference during NHA. As a
precaution, ammonia was removed from the supernatant of OD prior to NHA in studies III
and IV (see Figure 1).
Ninhydrin is highly reactive with amino groups in N compounds, and has therefore been used
to assess SNAN fractions as free AA N, peptide N and soluble protein N in RD (Williams and
Cockburn 1991, Robinson and McQueen 1994, Robinson et al. 1998, II) and OD (I – IV). In
study I, free AA N concentrations determined by NHA and amino acid analyser were well
correlated (R2 = 0.93) as were total SNAN concentrations determined by NHA and a Kjeldahl
procedure (R2 = 0.88). The present results are consistent with close correlations between
measurements based on NHA and micro-Kjeldahl procedure to determine ruminal
concentrations of peptide N including free AA N (R2 = 0.99; Chen et al. 1987a). Recently,
Winters et al. (2002) reported that the concentrations of free AA N in grass silage (GS)
determined by NHA and ion-exchange chromatography were highly correlated (R2 = 0.95),
and concluded that NHA can be reliable for routine assessment of the extent of protein
degradation. Owing to the sensitivity of ninhydrin, a number of factors during analysis have
to be taken into consideration:
1. Ninhydrin reagent should be freshly prepared, and stored in the dark due to sensitivity to
light.
2. The pH of acetate buffer should be between 5.3 and 5.4, because mixing with samples
and ninhydrin solution causes a drop in pH to 5.0 that maximises colour yield.
3. Following boiling samples should be immediately diluted with the water-isopropyl
alcohol mixture because cooling at this point induces a high blank value.
4. The ratio of water and isopropyl alcohol should be 1:1. Excessive isopropyl alcohol
increases the blank value, whereas excessive amounts of water causes the ninhydrin
reagent to precipitate.
5. Excessive colour density may result in a curve-linear relationship between absorbance
and concentration, whilst calibration is based on the assumption of linear. Adding water-
isopropyl alcohol mixture to result in an absorbance below 0.8 is recommended.
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Table 2. Nitrogen (N) fractions of experimental feeds used in studies I – IV a
Study Feedb A B1 B2 B3 C
Ammonia Free AA Peptide
I GS 403   16 216 329 35
Barley  85 187 530 185 14
RSM  41 180 593 124 62
II GS 588  39 151 204 18
Barley 126 123 636 115  0
SMP  48 942  10    0  0
WDS 388 311 302    0  0
RSM  51 171 596 124 58
TRSM  49 168 636  97 50
III GS 40 219 194  15  NDc ND ND
Barley   1  20 105 151 ND ND ND
FM   1  60  47  80 ND ND ND
SBM   1    6  35 163 ND ND ND
MGM   4  17  40    9 ND ND ND
IV 1st GS 44 427 188  53 ND ND ND
2nd GS 39 279 164  47 ND ND ND
Barley   1  77  79 177 ND ND ND
RSM   1  55  61 169 ND ND ND
a
 Data (g/kg of total N) were obtained using the Cornell N system (Licitra et al. 1996) for I
and II and the ninhydrin assay (Rosen 1957) for III and IV; A = non-protein N, B1 = true
soluble protein N, B2 = neutral detergent-soluble protein N, B3 = neutral detergent-insoluble
but acid detergent-soluble protein N, C = acid detergent-insoluble protein N.
b
 GS = Grass silage, RSM = rapeseed meal, SMP = skimmed milk powder, WDS = wet
distiller’s solubles, TRSM = treated RSM, FM = fishmeal, SBM = soybean meal, MGM =
maize gluten meal, 1st GS = GS prepared from primary growth, 2nd GS = GS prepared from
secondary growth.
c
 Not determined.
3.2. Feed nitrogen fractions
3.2.1. Grass silage
In studies I – IV, the low proportion of ammonia N (32 – 58 g/kg total N) and concentrations
of total acids (22 – 87 g/kg of DM) indicated that silage was of good fermentation quality. It
is widely accepted that application of formic acid during ensiling decreases in silo protein
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breakdown and ammonia N production (McDonald et al. 1991, Nsereko et al. 1998), and
increases silage peptide N concentration (Nsereko et al. 1998). Although the A-fraction
defined in the CNCPS is high in GS (Rinne et al. 1997, Table 2 for I – IV), in most cases
formic acid treatment reduces this fraction (Nsereko et al. 1998). For GS the A-fraction is
almost the same as soluble N (A + B fractions). Peptide N concentrations tend to be higher in
formic acid-treated GS because formic acid prevents the breakdown of protein to AA and
ammonia, and therefore production of proteolysis end-products shifts towards peptide N at the
expense of AA N and ammonia N (Nsereko et al. 1998).
Grass silage was prepared from primary (II, IV) and secondary (I, III, IV) growths of swards
containing predominately timothy grass. In Finland, primary growths are usually harvested in
June, whereas secondary growths are typically harvested in August. Although concentrations
of N fractions can vary between silages, soluble N content was clearly higher in GS prepared
from primary compared with secondary growths (mean, 664 and 469 g/kg of total N,
respectively) that was associated with a higher CP content (corresponding values 143 and 131
g/kg DM). The higher soluble N in GS prepared from primary growths was partially related to
the higher soluble N content of primary compared with secondary herbage growth (379 versus
328 g/kg total N; IV).
3.2.2. Concentrate feeds
Soluble N fractions in concentrate feeds were analysed using the CNCPS (Licitra et al. 1996)
in I and II and by the NHA (Rosen 1957) in III and IV (Table 2). In general, concentrate feeds
contained low amounts of ammonia N, whilst other soluble N fractions varied between
concentrate feeds (III, IV). Soluble N fractions in barley were rather similar between studies I
– IV even though the proportion of NPN and soluble true protein N varied. Concentrations of
NPN in RSM measured in study IV were much higher than that in other studies, but that of
soluble N (NPN + soluble true protein N) did not differ compared with previous findings
(Vanhatalo et al. 1995, Ahvenjärvi et al. 1999, NRC 2001). Most of the N in SMP and WDS
was in the form of soluble N (990 and 699 g/kg of total N, respectively; II). Similar soluble N
fractions between untreated RSM and treated RSM (II) indicate that the treatment process has
little influence on protein degradability. The relatively high NPN in FM was mainly in the
form of free AA N and peptide N, whereas NPN in SBM and MGM was primarily present as
peptide N (III). However, N fractionation of feeds can vary between studies, not only because
of different analytical methods (Van Straalen and Tamminga 1990, Licitra et al. 1996) but
also because of differences in feed quality. For example, the quality of FM is dependent on
the drying process and the use of antioxidants (Mehrez et al. 1980).
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3.2.3. Ruminal N degradation based on the in situ method
Nitrogen degradability of all experimental feeds except for SMP and WDS used in studies I –
IV is shown in Figures 3 and 4 and Tables 3 and 4. Both SMP and WDS used in study II
completely disappeared from bags during the zero h washing procedure. The rapidly
degradable N fraction in GS was relatively high compared with concentrate feeds (Tables 3
and 4) due to the high soluble N content of GS (McDonald et al. 1991, Rinne et al. 1997).
Ruminal degradations of barley N varied between studies I – IV. A negative a-fraction was
determined for MGM (III) and barley (III and IV), whilst the b-fraction exceeded 100% (see
Table 4).
Figure 3. In situ ruminal N disappearance (%) of experimental feeds used in studies I and II
Table 3. Ruminal N degradation (%) characteristics of experimental feeds used in studies I
and II
I II
GS Barley RSM GS Barley RSM TRSM
a 46.2 46.5 12.3 61.1 51.7 13.2 21.5
b 45.3 50.5 80.7 32.0 45.2 78.4 70.9
a + b 91.5 97.0 93.0 93.1 96.9 91.6 92.4
c    0.13    0.31    0.29    0.14    0.30    0.33    0.22
Lag time    0.15   -0.65   -0.04   -0.54   -0.86   -0.03   -0.24
EPD 85.5 92.6 83.2 89.0 92.7 83.0 81.7
GS = grass silage, RSM = rapeseed meal, TRSM = treated RSM.
a = rapidly degradable fraction, b = slowly degradable fraction, a + b = potential
degradability, c = rate of degradation of b, EPD = effective protein degradability; Calculated
according to Ørskov and McDonald (1979) using rumen outflow rates of 2%, 3% and 4% for
GS, barley and protein feeds, respectively.
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Figure 4. In situ ruminal N disappearance (%) of experimental feeds used in studies III and IV
Table 4. Ruminal N degradation (%) characteristics of experimental feeds used in studies III
and IV
III IV
GS Barley SBM FM MGM 1st GS 2nd GS Barley RSM
a 22.6 -72.6     3.4   25.8   -3.7 54.4 42.2 -13.5   6.1
b 53.8 163.9   97.0   76.3 131.0 42.2 33.7 108.4 86.1
a + b 76.4   91.3 100.4 102.1 127.3 96.6 75.9   94.9 92.2
c    0.11      0.42      0.10      0.02      0.01     0.09     0.13      0.30    0.15
Lag time    1.55      0.66      0.55     -2.40      2.30     2.41     1.58      0.43    0.14
EPD 68.3   80.4   72.0   46.7   24.1 74.9 71.4   85.1 74.3
GS = grass silage, SBM = soybean meal, FM = fishmeal, MGM = maize gluten meal, 1st GS
= GS prepared from primary growth, 2nd GS = GS prepared from secondary growth, RSM =
rapeseed meal.
a = rapidly degradable fraction, b = slowly degradable fraction, a + b = potential
degradability, c = rate of degradation of b, EPD = effective protein degradability; Calculated
according to Ørskov and McDonald (1979) using rumen outflow rates of 2%, 3% and 4% for
GS, barley and protein feeds, respectively.
Because of the methodological limitations of the in situ method, more reliable EPD values for
SMP and WDS can be generated based on the CNCPS (Licitra et al. 1996). On the basis of
the CNCPS (Licitra et al. 1996), most of the N in SMP and WDS was in the form of soluble N
(A and B1 fractions; II). Assuming a kd of SMP of 1.00/h indicates that approximately 140
g/kg of SMP could escape ruminal degradation based on the equation EPD = kd × (a + b) / (kd
+ kl); in which a, b, c and kd are as described earlier, and kl (0.168; II) is rumen liquid passage
rate. Approximately 118 g/kg of N from SMP escaped the rumen as SNAN (II). Good
agreement of estimates of N escape from SMP between the calculations of EPD and rumen-
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escape of SNAN indicates that the kd of casein should be markedly higher than previous in
vitro value (0.40 /h) derived using strained RD containing inhibitors (Broderick 1987).
3.3. Soluble non-ammonia nitrogen
3.3.1. Kinetics of soluble non-ammonia nitrogen in the rumen
3.3.1.1. Ruminal protein degradation
The first step in the kinetics of soluble dietary protein degradation in the rumen may involve
the attachment of microbes, in particular rumen bacteria onto ingested feeds, since proteolytic
activities are cell-associated and soluble proteins are primarily broken down by rumen
bacteria (Wallace 1991). The main proteolytic bacteria in the rumen is B. ruminicola, (see
Wallace 1991), whilst the activities of single rumen bacteria can be enhanced by interactions
with other species in mixed cultures (see Nolan 1993). Wallace and Cotta (1988) observed
that the activity of most rumen bacteria in pure cultures is generally low. Furthermore, it is
well established that synergism between species of rumen bacteria can occur (Wallace 1991).
Both protozoa and fungi also contribute to the degradation of soluble proteins associated with
particulate matter in the rumen, but the extent of involvement is highly variable compared
with rumen bacteria (Hino and Russell 1987, Ushida et al. 1991, Wallace 1991).
It has generally been accepted that hydrolysis of proteins to peptides or deamination of AA to
ammonia is the rate-limiting step of rumen protein degradation (Tamminga 1979, Van
Straalen and Tamminga 1990) on the basis of low concentrations of free AA N in RD (Wright
and Hungate 1967). This interpretation is supported by several studies where none or only
transient accumulation of peptide N in RD was reported (Nugent and Mangan 1981,
Broderick and Wallace 1988). In contrast, relatively high concentration of SNAN (mainly
peptide N) not precipitated by TCA (Winter et al. 1964) has been shown to accumulate in the
rumen (Chen et al. 1987a, 1987b, Williams and Cockburn 1991, Robinson et al. 1998, I – IV).
Peptides accumulate and can escape the rumen if the rate of peptide release exceeds that of
hydrolysis (Chen et al. 1987b). Escaped peptides can subsequently be absorbed from small
intestine and represents a potential source of AA for the host animal (Russell et al. 1991). It
appears that peptide breakdown rather than proteolysis is the most likely rate-limiting step of
protein degradation in the rumen.
3.3.1.2. Relationship between SNAN fractions and N intake
20
Little information is available on the effect of soluble dietary N on the composition of SNAN
in the liquid phase of digesta. A higher concentration of soluble N of feeds is not always
associated with a higher degradability in the rumen (Nolan 1993). Completely soluble
proteins of different degradability result in the production of different SNAN fractions in the
rumen. For example, Broderick and Wallace (1988) noted that incubation of rapidly (casein)
or slowly degradable proteins (ovalbumin) led to different concentrations of free AA N and
peptide N in RD. These findings indicate that the accumulation of SNAN is dependent on
protein structure rather than solubility. Williams and Cockburn (1991) also found that ruminal
peptide N concentration is poorly related with protein solubility. Therefore, the relationship
between soluble N intake (not solubility) and SNAN fractions was currently investigated
using study as a random factor (St-Pierre 2001).
Concentration of SNAN  Concentration of peptide N has previously been determined without
separating peptides and free AA (Chen et al., 1987a, b, Robinson and McQueen 1994,
McQueen and Robinson 1996). For studies I – IV, concentrations of peptide N and free AA N
were determined separately. Therefore, examination of factors affecting peptide N
concentration was based on published peptide N data (Chen et al. 1987b, Robinson and
McQueen 1994, McQueen and Robinson 1996) and the sum of peptide N and free AA N for
studies I – IV.
Whilst peptide N concentrations (including free AA N) was associated with soluble N intake
within each study (Figure 5-A), only a weak relationship existed between peptide N
concentrations and soluble N intake across all studies (R2 = 0.002, data not shown). However,
when the random effect of study was taken into account, predicted peptide N concentrations
were closely related to the soluble N intake (R2 = 0.88, P < 0.001; Figure 5-B), indicating that
SNAN fractions were mainly derived from soluble N sources. Insoluble N intake was also
found to be closely related with peptide N concentrations in the rumen (R2 = 0.70, P < 0.05;
Figure 6). This may partially be attributed to the contribution of insoluble N to the rumen
SNAN pool because end-products (in the form of peptide and free AA) of proteolysis could
escape the rumen. However, the present explanation still remains unclear because
interpretation based on two equations above could induce a relationship between soluble N
and insoluble N intake. In order to overcome these confounding effects, relationship between
the peptide N concentrations and two independent variables, such as soluble N and insoluble
N intake was investigated (Figure 7). The slightly higher slope for insoluble than soluble N
intake (0.15 versus 0.11) indicates that the insoluble N source had a stronger effect (P < 0.05).
However, this interpretation may not be entirely reliable because the flow of SNAN fractions
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escaping the rumen is also influenced by variations in rumen liquid outflow. As described
earlier, only data concerning concentration was considered because there is limited
information on the association between the flow of SNAN and N intake. Thus, the flow of
peptide N (including free AA N) was calculated using the same statistical model but based
only on data reported in I – IV.
Figure 5. Relationship between soluble N intake and concentrations of peptide N and free AA
N in the rumen (A: reported concentrations of peptide N and free AA N, B: predicted
concentrations of peptide N and free AA N according to the MIXED procedure of SAS using
study as a random factor, Number of observations = 32)
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Figure 6. Relationship between insoluble N intake and concentrations of peptide N and free
AA N in the rumen [Peptide N and free AA N concentrations (refer to Figure 3) were
corrected for between study effects, Number of observations = 32]
Figure 7. Relationship between observed and predicted concentrations of peptide N and free
AA N in the rumen [Determined concentrations (refer to Figure 3) were corrected on the basis
of insoluble (x1) and soluble N intakes (x2) as independent variables and study as a random
factor, Number of observations = 32]
y = 0.21 (SE 0.05) x + 39.8 (17.7)
R2 = 0.698, P < 0.05
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Flow of SNAN  Flow of peptide N entering the omasal canal was closely related to soluble N
intake (R2 = 0.85, P < 0.001) but essentially independent of insoluble N intake (Figure 8).
When the same N flow was considered based on insoluble N and soluble N intake as
independent variables, a higher slope for soluble N than insoluble N intake was found (0.13
versus 0.02, P < 0.001; Figure 9). The similar results were also found in the relationship
between peptide N flow and a-fraction (Figure 10) or b-fraction intake (Figure 11). Flow of
peptide N was strongly related to a-fraction intake (R2 = 0.94, P < 0.001; Figure 10-A) but
negatively related to b-fraction intake (Figure 10-B). The positive intercept of this
relationship (14.6, Figure 10-A) indicates that a proportion of peptide N flow is derived from
insoluble, microbial and/or endogenous N sources. The relationship based on two independent
variables indicated that a-fraction rather than b-fraction intake influenced the flow of peptide
N (slopes of relationship, 0.08 and 0.03, respectively; Figure 11). The smaller intercept in
Figure 11 (1.98) than that in Figure 10-A (14.6) confirms the present observation that b-
fraction (i.e. insoluble N) contributes the flow of peptide N in the rumen. The slope of 0.08
for a-fraction (Figure 11) suggests that proportionately 0.08 of the a-fraction intake escapes
degradation in the rumen.
Although the peptide N fraction (including free AA N fraction) was quantitatively similar to
total SNAN (II, III), the relationship between the flow of total SNAN with the intake of a
(Figure 12) and b (Figure 13) fractions was also investigated. As expected, total SNAN flow
was closely related to the intake of the a-fraction (R2 = 0.73, P < 0.001; Figure 12-A), whilst a
negative association was derived for that of the b-fraction (Figure 12-B). A marginally
weaker relationship between the a-fraction intake and the total SNAN flow (Figure 12-A)
compared with the peptide N flow (Figure 10-A) can be primarily be attributed to variations
in the flow of soluble protein N between studies I and IV versus II and III (mean, 6.6 versus
0.3 g N/d). The flow of SNAN can be attributed to a-fraction intake on the basis of the higher
slope for the a-fraction (0.05) relative to the b-fraction intake (-0.002) (Figure 13). The
similar intercepts of relationships in Figure 12-A (19.1) and Figure 13 (19.7) indicate that a
proportion of total SNAN flow is derived from sources other than the b-fraction, such as
microbial N in the rumen. Alternatively, soluble protein N flow [SNAN – (peptide N + free
AA N)] is primarily derived from microbial N in the rumen rather than dietary protein sources
(i.e. a- and b-fractions intake).
Overall, data on the flow of SNAN fractions (I – IV) indicates that the majority originates
from soluble N in the diet (a-fraction), but it is also derived from insoluble (b-fraction),
microbial and endogenous N sources. Based on multivariate regression analysis (Figures 11
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and 13), it appears that proportionately between 0.05 and 0.08 of dietary soluble N (a-
fraction) can escape degradation in the rumen. Furthermore, the multivariate regression
analysis suggests that potentially the flow of SNAN could be predicted on the basis of in vitro
and/or in situ measurements of feed N fractions.
Figure 8. Relationship between the flow of peptide N and free AA N out of the rumen and
soluble N (A) or insoluble N intake (B) (Peptide N and free AA N flow obtained from the
studies I – IV was corrected for between study effects, Number of observations = 17)
y = 0.12 (SE 0.01) x + 1.06 (2.57)
R2 = 0.849, P < 0.001
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Figure 9. Relationship between observed and predicted flow of peptide N and free AA N out
of the rumen [Observed flow obtained from the studies I – IV was corrected based on
insoluble (x1) and soluble N intakes (x2) as independent variables and study as a random
factor, Number of observations = 17]
y = 0.02 (SE 0.02) x1 + 0.13 (0.02) x2 - 6.44 (6.34)
R2 = 0.77, P < 0.001
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Figure 10. Relationship between the flow of peptide N and free AA N out of the rumen with
the intake of rapidly (a-fraction) (A) or slowly (b-fraction) degradable N (B) (Peptide N and
free AA N flow obtained from the studies I – IV was corrected for between study effects,
Number of observations = 17)
y = 0.06 (SE 0.01) x + 14.6 (2.7)
R2 = 0.94, P < 0.001
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Figure 11. Relationship between observed and predicted flow of peptide N and free AA N out
of the rumen [Observed flow obtained from the studies I – IV was corrected based on slowly
degradable N (x1) and rapidly degradable N intakes (x2) as independent variables and study as
a random factor, Number of observations = 17]
y = 0.03 (SE 0.01) x1 + 0.08 (0.01) x2 + 1.98 (3.32) 
R2 = 0.92, P < 0.001
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Figure 12. Relationship between the flow of soluble non ammonia N (SNAN) out of the
rumen and the intake of rapidly (a-fraction) (A) or slowly (b-fraction) degradable N (B)
(SNAN flow obtained from the studies I – IV was corrected for between study effects,
Number of observations = 17)
y = 0.05 (SE 0.01) x + 19.1 (1.5)
R2 = 0.730, P < 0.001
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 Figure 13. Relationship between observed and predicted flow of soluble non-ammonia N out
of the rumen [Observed flow obtained from the studies I – IV was corrected based on slowly
degradable N (x1) and rapidly degradable N intakes (x2) as independent variables and study as
a random factor, Number of observations = 17]
Implications with respect to the in situ method  The current observation that dietary soluble N
as well as insoluble N as SNAN can escape ruminal degradation raises concerns of the
validity of the assumptions of in situ method (Ørskov and McDonald 1979), and indicates that
correction for escape of the a-fraction may be inadequate because a proportion of b-fraction
as SNAN can escape the rumen. In combination with the limitations (particle size of feed
sample, the ratio of sample weight of bag surface area, microbial contamination of feed
particles and bag placement in the rumen), the use of the in situ method to assess the
degradability of protein in the rumen may be erroneous.
The current observations support the recent findings that a significant amount of dietary
soluble N escapes degradation in the rumen, and contributes to the intestinal AA supply
(Volden et al. 2002). Furthermore, current data also indicates protein degradability
measurements based on the in situ method could be overestimated, particularly for feeds
containing relatively high concentrations of soluble N (a-fraction), such as GS. Based on
ruminal flow measurements, ruminal degradability of GS N in study I was markedly lower
(73%; Ahvenjärvi et al. 2002) than in situ estimates (86%; Table 3) and published values of
85% (Tuori et al. 2000). Jaakkola and Huhtanen (1993) suggested that ruminal degradability
y = -0.002 (SE 0.02) x1 + 0.050 (0.02) x2 + 19.7 (7.1)
R2 = 0.62, P < 0.05
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of GS N was not higher than a mixture of barley and RSM. Peltekova and Broderick (1996)
also noted little differences in ruminal N degradability of lucerne silage versus lucerne hay
estimated using an in vitro system despite variations in N solubility of the feeds.
3.3.2. Quantification of soluble non-ammonia nitrogen
3.3.2.1. Fractions of SNAN
Free AA N  Concentrations of SNAN fractions in the liquid phase of digesta in the rumen are
presented in Table 5. A number of studies have been reported low concentrations of free AA
N in RD (Wright and Hungate 1967, Broderick and Wallace 1988, Broderick et al. 1991).
Nolan (1993) examined published data that free AA N concentrations in digesta are generally
low even immediately after feeding. In contrast, studies I – IV indicated relatively high free
AA N concentrations (Table 5). Concentrations of free AA N in II (mean 38 mg N/l) were
found to approach proportionately 0.40 of total SNAN concentrations (Figure 14). High
concentrations of free AA N (II) are probably related to the high intake (mean 122 g N/d) of
free AA N from GS (including peptide N, i.e. A-fraction minus ammonia N). Intake of free
AA N plus peptide N from GS averaged 115, 122, 92, 120 and 67 g N/d for I, II, III, primary
growth (IV) and secondary growth (IV), respectively. On the basis of III and IV, the A-
fraction of GS was mainly present as free AA N (Table 2). Broderick (1995) and Vagnoni and
Broderick (1997) reported an increase in rumen free AA N concentrations of cows fed lucerne
silage compared with lucerne hay. Volden et al. (1998) reported proportionately 0.20 of
rumen escape of intraruminally infused AA dosage and 0.92 /h of kd of the AA when dairy
cows fed a GS and concentrate mixture diet.
Since the peptide N fraction was calculated by difference following hydrolysis, other N
materials (e.g. ribonucleotides) can apparently be included in the free AA N fraction (Hino
and Russell 1987) although at relatively low levels (Chen et al. 1987a).
Peptide N  Despite the relatively high concentrations of free AA N, peptide N was
quantitatively the most important fraction of SNAN in the liquid phase of OD (Figure 14).
These findings are consistent with high concentrations of peptide N accumulating in RD and
escaping degradation in the rumen (Chen et al. 1987a, Robinson and McQueen 1994).
Concentrations of peptide N in I – IV (mean 57.7 – 90.9 mg N/l of OD) are lower than values
of 82 – 111 mg N/l reported for RD (Chen et al. 1987a, Robinson and McQueen 1994,
Robinson et al. 1998). In study II, each SNAN fraction was significantly (at least P < 0.10)
higher in OD than RD. As such the magnitude of differences in peptide N concentrations
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between measurements in I – IV and previously published values can be expected to be
greater. However, the peptide N fraction reported in previous studies (Chen et al. 1987a,
Robinson and McQueen 1994, Robinson et al. 1998) also included free AA N fraction.
Taking this into account, and summing free AA N and peptide N resulted in concentrations of
between 82.1 – 106.8 mg N/l of OD, that is consistent with previous studies (Chen et al.
1987a, Robinson and McQueen 1994, Robinson et al. 1998).
Table 5. Concentration of SNAN fractions in the liquid phase of ruminal or omasal digesta
SNAN fractionsa, mg N/lReference Anim Diet
Free AA Peptide Protein
Treatmentb
Chen et al.
(1987a)
Dairy
cows
Timothy hay,
commercial concentrate
103.5   NDc None
Chen et al.
(1987b)
″ Maize silage,
barley, maize meal
139.5
112.5
101.5
ND SBM
Extruded SBM
FM
Williams and
Cockburn
(1991)
Steers Straw, tapioca 15.0
12.5
  7.7
  4.5
  34.9
  21.5
    8.0
  36.0
ND Casein
FM
SBM
MGM
Robinson and
McQueen
(1994)
Dairy
cows
Lucerne & timothy silage,
barley & maize concentrate
110.9
104.7
16.7
16.2
SBM
BM+MGM
McQueen and
Robinson
(1996)
″ Lucerne silage, timothy hay,
beet pulp, mixed concentrate
169.3
161.3
152.7
LF
HF
LF/HF
Robinson et al.
(1998)
″ Timothy silage,
whole-crop barley silage,
mixed concentrate
  83.6
105.3
  84.5
  81.5
11.5
17.0
12.9
15.5
None
Urea
BM
SBM
I ″ For detail, see Table 1. 12.2
14.0
16.9
20.3
  68.8
  79.6
106.3
108.7
13.5
25.9
16.3
26.3
None
Barley
RSM
Barley+RSM
II ″ ″ 21.4
45.2
35.7
42.4
43.2
  50.9
  63.7
  60.1
  59.9
  53.9
  0.7
  1.5
  1.0
  1.3
  1.4
None
SMP
WDS
Untreated RSM
Treated RSM
III ″ ″ 13.5
16.9
16.8
18.9
  56.0
  81.0
  78.4
  72.8
  0.2
  0.9
  0.3
  0.3
None
FM
SBM
MGM
IV ″ ″ 22.3
26.1
21.3
19.3
  68.5
  62.2
  54.9
  53.6
24.3
22.3
24.5
21.3
PL
PH
SL
SH
a
 All data are determined from rumen fluid except for those in studies I – IV from omasal digesta.
b
 SBM = soybean meal, FM = fishmeal, MGM = maize gluten meal, BM = blood meal, LF = low
fermentability lucerne, HF = high fermentability lucerne, LF/HF = an equal amount of LF and HF,
RSM = rapeseed meal, SMP = skimmed milk powder, WDS = wet distiller’s solubles, PL = primary
growth grass silage and low level of barley, PH = primary growth grass silage and high level of barley,
SL = secondary growth grass silage and low level of barley, SH = secondary growth grass silage and
high level of barley.
c
 Not determined.
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Figure 14. Composition of N fractions in SNAN in the liquid phase of OD of dairy cows fed
GS based diets (Data are expressed as the mean value for each fraction across a range of
experimental diets)
Soluble protein N  The concentrations of soluble protein N have been shown to vary between
12 – 37 mg N/l in RD (Chen et al. 1987b, Robinson and McQueen 1994, Robinson et al.
1998). A relatively low concentration of soluble protein N is consistent with current studies,
particularly I and IV (mean, 21.5 and 23.1 mg N/l of OD, respectively). Low soluble protein
N concentrations may be related to the low concentration of soluble true protein N in GS
(McDonald et al. 1991, Rinne et al. 1997, Nsereko et al. 1998, Table 2). Furthermore, the low
concentrations of soluble protein N in RD or OD suggest that soluble true protein may be
rapidly degraded to peptides and that some peptide could potentially be released directly from
insoluble protein. This suggestion is consistent with the positive intercepts of the relationships
derived between the flow of peptide N including free AA N and a-fraction intake (Figures 10-
A and 11). Compared with studies I and IV, the soluble protein N concentrations reported in
II and III were extremely low (mean, 1.2 and 0.4 mg N/l of OD, respectively). Apparent
discrepancies between soluble protein N concentrations reported are difficult to explain, but
may reflect differences in analytical approaches. However, the distribution of free AA N,
peptide N and soluble protein N is not important when considering protein nutritive value,
because the true digestibility of SNAN fractions in the intestine is 100% (Sniffen et al. 1992).
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3.3.2.2. Diurnal variation
In studies I and IV, concentrations of free AA N were relatively constant during a 12-h
feeding cycle. It is well accepted that free AA N concentrations are relatively low in RD
(Wright and Hungate 1967, Tamminga 1979) even immediately after feeding (Nolan 1993).
Recently, Volden et al. (2001) reported that the concentrations of free AA N observed before
(841 µmol) and after feeding (913 µmol) were not significantly different. However, for
studies II and III, concentrations were observed to peak at 1 h post-feeding and declined by 2
– 3 h after feeding. A peak of free AA N concentration immediately post-feeding is not
surprising because high soluble N supply as peptides and free AA provide extensive ruminal
degradation (Vagnoni and Broderick 1997) and thereby increase free AA N concentrations in
the rumen (Broderick 1995, Vagnoni and Broderick 1997). Previous studies have also
reported peaks in free AA N concentrations in the rumen at 1 – 2 h post-feeding when high
soluble N content silage (Broderick et al. 2002) or soluble N supplements (urea or casein) are
fed (Broderick and Wallace 1988).
Figure 15. Diurnal variations in peptide N concentration in the liquid phase of OD sampled at
1 h intervals during a 12 h feeding cycle, with exception for I where OD was collected at 1.5
h intervals (Data represent the mean values of peptide N concentrations across diets in
individual studies I – IV)
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The pattern of diurnal variation in peptide N concentrations was similar in studies I, III and
IV. Peptide N concentrations peaked at 1 – 3 h post-feeding and declined to pre-feeding levels
(Figure 15). Such changes in concentrations are consistent with previous studies (Chen et al.
1987a, Robinson and McQueen 1994, Robinson et al. 1998). The concentrations of peptide N
were considerably higher than free AA N and soluble protein N during the entire feeding
cycle (I, III, IV). Since peptide N is the major fraction of SNAN, diurnal variations in total
SNAN and peptide N concentrations were similar, with the exception of II where changes in
SNAN concentrations reflected those of free AA N concentrations. The concentrations of
peptide N in study II were relatively constant in spite of a higher concentration immediately
post-feeding. Compared with other studies (Chen et al. 1987a, Robinson and McQueen 1994,
Robinson et al. 1998, I, III, IV), the diurnal pattern of peptide N concentration in II can be
considered rather exceptional and suggest that peptide release and hydrolysis were
quantitatively similar in the rumen.
Whilst soluble protein N concentrations varied between studies I – IV, they remained
relatively constant within a feeding cycle. Relatively minor diurnal variation in soluble
protein N concentrations is in agreement with previous observations (Chen et al. 1987a,
Robinson et al. 1998). An absence of a peak in soluble protein N concentrations, particularly
for SMP (II), suggests that this fraction is rapidly degraded in the rumen. This suggestion is
supported by the minor influence of soluble protein intake on SNAN concentrations in spite
of large differences in soluble protein ingestion (e.g. SMP versus RSM; II). It is possible that
the peak in rumen concentrations of soluble protein N could have occurred earlier than 1 h
post-feeding. A peak in soluble protein N concentrations during the early stages of feeding in
dairy cows fed lucerne and timothy silage and concentrates containing blood meal or MGM
has been reported (Robinson and McQueen 1994).
3.3.2.3. Microbial contribution
Measurement of microbial contribution is a prerequisite to determining dietary and microbial
SNAN. 15N has frequently been used because it is a stable (Hristov and Broderick 1996), is
not found in the diet above natural enrichment and can be used to label all microbial N pools
(Broderick and Merchen 1992). As such, it can be used as a marker to account for microbial
contribution to SNAN flow in the liquid phase of digesta.
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Previous studies have not established the potential microbial contribution to SNAN in the
liquid phase of digesta (Chen et al. 1987a, 1987b, Wallace and McKain 1990, Robinson and
McQueen 1994). However, extracellular AA are probably excreted by living microbial cells
or released during cell lysis (Nolan 1993). Some peptides can also enter RD by protozoa
predation of bacteria and bacteria synthesis (Coleman 1967). Microbes are known to utilise
ammonia resulting from intracellular AA catabolism (Nolan 1993). Since ammonia resulting
from intracellular AA catabolism can be of both dietary and microbial origin, it is likely that a
proportion of SNAN in the liquid phase of digesta is derived from rumen microbes.
Use of 15N indicated that microbial contribution to SNAN in the liquid phase was on average
0.61, 0.64 and 0.71 for I, III and IV, respectively. Estimates were based on two assumptions
(I, III). Firstly, non-ammonia 15N (NAN) was completely derived from liquid associated
bacteria. This assumption is valid if engulfed liquid associated bacteria NAN are spilled out
of protozoal cells (Jouany et al. 1988). Secondly, the proportion of microbial NAN
synthesised from ammonia was assumed as 0.70 (Firkins et al. 1987) since estimates vary
between 0.46 – 0.82 (Steinhour et al. 1982, Firkins et al. 1987, Hristov and Broderick 1996).
Synthesis of microbial NAN derived from ammonia can vary depending on feeding
conditions, and being decreased for diets containing relatively high content of N (Steinhour et
al. 1982) and increased by supplements of slowly degradable protein (Firkins et al. 1987). A
relatively high proportion (0.86) of microbial contribution to SNAN has been reported for
maize silage based diets, assuming that 0.82 of microbial NAN is derived from ammonia
(Hristov and Broderick 1996). However, values estimated for lucerne silage and hay of 0.631
and 0.633, respectively, were based on proportionately 0.46 and 0.57 of microbial NAN being
derived from ammonia. Substantial differences in estimates of the microbial contribution to
SNAN may arise from the lower flow of SNAN for maize silage based diets compared with
lucerne based feeds (Hristov and Broderick 1996).
3.3.2.4. Proportion of dietary SNAN in dietary NAN flow
According for the microbial contribution to SNAN flow entering the omasum, the mean
proportion of dietary SNAN in total dietary NAN was 63 g/kg across all three studies (I, III,
IV). For GS diets supplemented with barley, this proportion approached 100 g/kg (I). This
values is close to that of 85 g/kg estimated to escape degradation in the rumen when free AA,
peptides and soluble proteins extracted from GS were pulse dosed into the rumen of dairy
cows fed GS and concentrate supplments (Volden et al. 2002). It is clear that a substantial
amount of dietary SNAN can escape the rumen that is consistent with the close relationships
between the flow of SNAN (R2 = 0.73; Figure 12) and peptide N including free AA N (R2 =
36
0.94; Figure 10) with a-fraction intake. These findings imply that the assumption that the a-
fraction is degraded at an infinite rate and cannot escape rumen degradation which is
fundamental to the in situ method is erroneous.
3.3.3. Dynamic model
3.3.3.1. Description of the dynamic model
Rumen non-escapable and escapable N pools  Ruminal proteolysis of soluble N fractions was
simulated using a dynamic model (Figures 16 and 17). The following description of the
dynamic model used in the current thesis is quoted from the NKJ-111 project (P. Huhtanen,
A. Danfær, J. Sveibjörnsson, P. Udén and H. Volden, unpublished). Inflow and outflow of
ruminal N pools used in the model are presented in Table 6. Rumen particulate matter is
assumed to be comprised of two compartments, rumen non-escapable N pool (RNE_NPool)
and rumen escapable N pool (RE_NPool) (Pond et al. 1988). Intake of insoluble and
indigestible proteins of feed particles (Protein_intake) entering the RNE_NPool mixes with
existing digesta of various ages that is derived from the previous or a succession of previous
meals. Mixed digesta in the RNE_NPool enters the RE_NPool and mixes with existing
digesta in the RE_NPool that has been derived from the preceding flow from the
RNE_NPool. Whilst feed particles leaving the RE_NPool are supposed to be small particles
generated by particle size reduction, the escape of digesta from the rumen is dependent on
functional specific gravity, i.e. selective retention of particles (Pond et al. 1988, Rinne et al.
2002). A two-compartmental model also applies for concentrate feeds (Huhtanen et al. 1993).
However, particle size reduction still plays an important role in facilitating access of
microbial enzymes to potentially digestible substrates within feed particles, that is a
prerequisite for increasing functional specific gravity (Mertens 1993). The kd of insoluble and
indigestible proteins to soluble protein corresponds to the c parameter measured using the in
situ method. Total retention time is regulated by NDF intake per kg live weight. Retention
time is divided between the RNE_NPool (proportionately 0.3 of the total retention time in
rumen compartments) and the RE_NPool (0.2).
Soluble protein, peptide, AA, ammonia and bacteria N pools  Degradation of soluble protein
N calculated as ruminal soluble protein N pool × kd of soluble protein to peptide, is assumed
to enter the ruminal peptide N pool (Figure 17). Liquid outflow (1/h) is regulated by NDF
intake per live weight (g/kg), such that Kp_liquid = 0.08 + 0.004 × NDF intake. The kd of
soluble proteins, peptides and AA are not related to individual feed, i.e. the kd of soluble N is
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constant to all feeds, whereas the kd of insoluble protein varies according to feed type. Total
uptake of AA and ammonia by rumen bacteria is regulated by adenosine triphosphate
production. Rate of ammonia absorption is regulated by the size of the ammonia N pool,
while recycling of urea N is governed by DM intake [0.7 × 3.3 (g N/kg DM; taken from
Marini and Van Amburgh 2001) × DM intake (kg/d)]. Outflow of bacterial N is regulated by
passage rates of liquid and solid phases, i.e. Kp_Micro = kl × proportion of bacteria in the
liquid phase + kp × proportion of bacteria in the solid phase. Efficiency of microbial protein
synthesis is down regulated when the ammonia N pool drops below 4 g N assuming a rumen
pool size of 80 l.
Figure 16. Schematic for a dynamic model of protein degradation in the rumen of dairy cows
(For description, see text)
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Figure 17. Schematic for a dynamic model of N metabolism in the rumen of dairy cows (For
description, see text)
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Table 6. Ruminal N pools in the dynamic modela
 N Poolb Inflow Outflow
RNE_NPool - Intake of dietary insoluble and
indigestible protein
- Release to RE_NPool
- Degradation to soluble protein
RE_NPool - Release from RNE_NPool - Degradation to soluble protein
- Outflow into lower tracts
Sol_Protein - Intake of dietary soluble protein
- Degradation of insoluble protein in
RNE_Npool
- Degradation of insoluble protein in
RE_NPool
- Degradation of soluble protein to
peptides
- Outflow of soluble protein in the
liquid phase into lower tracts
Peptide - Intake of dietary peptide
- Degradation of soluble protein to
peptide
- Degradation of peptide to amino
acid (AA)
- Outflow of peptide in the liquid
phase into lower tracts
Amino_acid - Intake of dietary AA
- Degradation of peptide to AA
- Recycling from rumen bacteria
- Microbial protein synthesis (MPS)
from preformed AA
- Deamination of AA to ammonia
- Outflow of AA in the liquid phase
into lower tracts
Ammonia_N - Intake of dietary ammonia N
- Deamination of AA to ammonia
- Recycling of urea N
- MPS from ammonia N
- Outflow of ammonia N in the
liquid phase into lower tracts
- Absorption from the rumen
Bacteria_N - MPS from AA
- MPS from ammonia N
- Recycling to AA
- Outflow of bacteria N into lower
tracts
a
 Descriptions of N pool are based on the dynamic model presented in Figures 16 and 17.
b
 RNE_NPool = rumen non-escapable N pool, RE_NPool = rumen escapable N pool,
Sol_Protein = rumen soluble protein N pool, Peptide = rumen peptide N pool, Amino_acid =
rumen AA N pool, Ammonia_N = rumen ammonia N pool, Bacteria_N = rumen bacteria N
pool.
3.3.3.2. Dynamic model simulations
In the simulation, cows (live weight 570 kg, rumen volume 80 l) were assumed to consume a
daily basal diet that consisted of (on a DM basis) 12.0 kg formic acid-treated GS prepared
from timothy and meadow fescue swards (Rinne et al. 2002), 6.4 kg barley concentrate
(Ahvenjärvi et al. 2002) and 1.6 kg RSM (Ahvenjärvi et al. 2002). The simulation time was
250 h, and time step of integration was 0.1 h. The model was run assuming a kd of 2.5, 1.2
and 4.0 /h for the conversion of soluble proteins to peptides, peptides to AA and AA to
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ammonia, respectively. Thereafter simulations were conducted using different kd values to
establish the effect of kd on the production of SNAN fractions (Figure 18). A higher kd for the
metabolism of soluble proteins to peptides decreased the flow of soluble protein N, such that
the flow was rather constant after a kd of 4.0 was exceeded (Figure 18-A). Increasing the kd of
soluble proteins to peptides caused a dramatic decrease in the flow of soluble protein N,
whereas the flow of peptide N increased slightly. Changes in the kd of soluble protein had
only minor effects on free AA N flow. Similarly, a higher kd value  for the conversion of
peptides to AA or AA to ammonia decreased peptide N flow and free AA N flow,
respectively, whereas the flow of other N fractions remained unchanged (Figure 18-B and -
C). Estimates of SNAN flow consistent with measurements in I – IV were obtained with
simulated kd values of 5.0, 2.2 and 6.5 /h for soluble proteins, peptides and AA, respectively.
Further simulations using the dynamic model were based on these estimates of kd. The main
purpose of these simulations was to explore the effects of DM intake, forage intake, protein
supplementation, proportion of insoluble N in dietary protein supplements and kd of insoluble
protein on the flow of SNAN fractions escaping the rumen.
Effect of DM intake  Simulations were conducted across a range of DM intakes (10.0 – 25.0
kg/d), while the proportions of individual dietary ingredients were kept constant
(proportionately 0.60, 0.32 and 0.08 of total DM as GS, barley concentrate and RSM,
respectively). As a result, the intake of total N and soluble N increased with increases in DM
ingestion (data not shown). Increases in the flow of SNAN fractions were associated with
increased DM intake (Table 7). This is consistent with Volden et al. (2001) where increasing
DM intake (9.8 versus 19.3 kg/d) increased free AA N concentration (1097 versus 2212
µmol) in the rumen at 1 h after feeding. In present simulation, DM intake had minor effects
on the proportion of individual N fraction of SNAN flow in total NAN flow.
Effect of forage intake  The effect of forage intake was assessed across a range of forage to
concentrate ratios (0.20 – 1.00) assuming an intake of 20 kg DM/d and concentrates contained
proportionately 0.80 of barley and 0.20 of RSM (Table 8). Compared with the estimates
observed with GS alone diet (i.e. the proportion of GS 1.0), the higher flow of peptide N and
soluble protein N occurred when GS provided proportionately between 0.40 – 0.70 of total
dietary DM intake. Simulations are consistent with in vivo results reported in I – IV (Table
12). Increasing the proportion of GS in the diet had only negligible effects on the flow of free
AA N, but increased the proportion of free AA N in total NAN flow (Table 8) due to a higher
intake of AA N (data not shown). Flow of peptide N and soluble protein N decreased when
the proportion of GS in the diet was increased as a result of reduced soluble protein N intake.
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Figure 18. Effect of the rate of ruminal degradation (kd) on the flow of soluble non-ammonia
N (SNAN) fractions [kd for the conversion of soluble proteins to peptides (A), peptides to
amino acids (B) and amino acids to ammonia (C); Legends indicate free amino acid N, ,
peptide N, , and soluble protein N, o, respectively]
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Table 7. Effect of dry matter (DM) intake on the flow of soluble non-ammonia nitrogen (SNAN) and the proportion in total non-ammonia nitrogen (TNAN)
flow leaving the rumena
DM intakeb, kg/d
10.0 12.5 15.0 17.5 20.0 22.5 25.0
TNAN flow, g N/d 164.7 216.4 270.5 325.2 383.7 444.4 506.1
SNAN flow, g N/d
  Free AA 3.2 4.1 5.1 6.1 7.3 8.4 9.5
  Peptide 7.8 10.3 12.9 15.6 18.6 21.6 24.7
  Protein 3.0 4.0 5.0 6.0 7.2 8.3 9.5
  Total 14.0 18.4 22.9 27.8 33.0 38.2 43.7
Proportion in TNAN flow, g/kg
  Free AA 19.2 19.1 18.9 18.9 18.9 18.8 18.8
  Peptide 47.5 47.6 47.6 48.0 48.4 48.5 48.8
  Protein 18.3 18.4 18.4 18.5 18.7 18.7 18.8
  Total 85.1 85.1 84.8 85.4 86.0 86.1 86.4
a
 Data were obtained after 250 h simulations using dynamic models of ruminal proteolysis presented in Figures 16 and 17, assuming rumen degradation rates
of 5.0, 2.2 and 6.5 /h for soluble protein to peptide, peptide to amino acid (AA) and AA to ammonia, respectively.
b
 Diet was assumed to contain proportionately 0.60, 0.32 and 0.08 of grass silage, barley concentrate and rapeseed meal, respectively.
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Table 8. Effect of forage intake on the flow of soluble non-ammonia nitrogen (SNAN) and the proportion in total non-ammonia nitrogen (TNAN) flow
leaving the rumena
Proportion of forage in dietb
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
TNAN flow, g N/d 383.5 390.7 387.2 386.6 383.7 375.6 367.9 359.6 350.9
SNAN flow, g N/d
  Free AA 7.0 7.0 7.1 7.1 7.3 7.3 7.4 7.6 7.7
  Peptide 21.0 20.4 19.9 19.2 18.6 17.8 17.0 16.2 15.4
  Protein 9.1 8.6 8.2 7.7 7.2 6.6 6.0 5.3 4.7
  Total 37.1 36.0 35.2 34.0 33.0 31.7 30.4 29.2 27.8
Proportion in TNAN flow, g/kg
  Free AA 18.2 17.9 18.3 18.5 18.9 19.5 20.2 21.0 21.9
  Peptide 54.7 52.2 51.3 49.6 48.4 47.4 46.2 45.2 44.0
  Protein 23.7 22.1 21.2 19.8 18.7 17.5 16.2 14.9 13.4
  Total 96.7 92.2 90.9 87.9 86.0 84.5 82.6 81.1 79.2
a
 Data were obtained after 250 h simulations using dynamic models of ruminal proteolysis presented in Figures 16 and 17, assuming rumen degradation rates
of 5.0, 2.2 and 6.5 /h for soluble protein to peptide, peptide to amino acid (AA) and AA to ammonia, respectively.
b
 Dry matter intake was assumed to be 20 kg/d consisting of grass silage and concentrates containing proportionately 0.80 of barley and 0.20 of rapeseed
meal.
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Effect of protein supplementation  Assessment of protein supplementation effects were
simulated assuming 20 kg/d of DM intake containing proportionately 0.60 GS and 0.40
concentrate, while the proportion of protein supplements in concentrate DM varied between
0.0 – 0.6 (Table 9). All N fractions of SNAN flow increased as the proportion of protein
supplements in concentrate increased. Model predictions are consistent with the findings that
protein supplements increase concentrations of SNAN fractions (I, II, III). However,
supplementation with FM (Broderick 1995, Vagnoni and Broderick 1997) and high moisture
maize (Vagnoni and Broderick 1997) has been shown to have no effect on the ruminal free
AA N concentrations of cows fed lucerne silage or hay. Although increases in protein
supplementation increased total NAN flow, the proportion of each SNAN fraction in the total
NAN flow also increased. It appears that a considerable proportion of soluble proteins in
dietary protein supplements can escape degradation in the rumen.
Effect of proportion of insoluble N in protein supplement  Changes in the proportion of
insoluble N (0.05 – 0.85) in protein supplements were investigated using the dynamic model
assuming a daily intake of 20 kg DM containing proportionately 0.60, 0.20 and 0.20 of GS,
barley and RSM, respectively (Table 10). Flow of free AA N and peptide N was slightly
decreased by increases in the proportion of insoluble N in protein supplement, whereas flow
of soluble protein N was hardly affected. Predicted effects on the flow of free AA N and
peptide N are consistent with in vivo studies that free AA N concentrations are decreased by
dietary inclusion of expelled SBM (Broderick et al. 2002) and that the flow of peptide N is
reduced when SBM is autoclaved (Chen et al. 1987b). Decreases in SNAN fractions probably
reflect decreases in the proportion of soluble N or NPN in total dietary N when diets
supplemented with protein rich feeds (Broderick et al. 2002). Flow of SNAN fractions in OD
was found to be similar between untreated and treated RSM (II). Decreases in the proportion
of SNAN fractions in total NAN were also observed when the proportion of insoluble N in
protein supplement increased as a result of higher flow of total NAN (Table 10). Since protein
supplements did not affect microbial NAN flow (Ahvenjärvi et al. 1999, I, III), the higher
flow of total NAN arises from an increase in insoluble N escaping degradation in the rumen,
and indicates that the increase in total NAN flow is of dietary origin.
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Table 9. Effect of protein supplement intake on the flow of soluble non-ammonia nitrogen (SNAN) and the proportion in total non-ammonia nitrogen
(TNAN) flow leaving the rumena
Proportion of protein supplement in concentrateb
0.0 0.1 0.2 0.3 0.4 0.5 0.6
TNAN flow, g N/d 377.1 379.2 383.7 385.4 392.5 394.2 395.8
SNAN flow, g N/d
  Free AA 6.3 6.8 7.3 7.7 8.1 8.6 9.1
  Peptide 16.0 17.2 18.6 19.8 21.0 22.3 23.6
  Protein 6.0 6.6 7.2 7.7 8.3 8.9 9.5
  Total 28.4 30.5 33.0 35.2 37.5 39.9 42.1
Proportion in TNAN flow, g/kg
  Free AA 16.8 17.9 18.9 20.0 20.7 21.9 22.9
  Peptide 42.5 45.4 48.4 51.4 53.6 56.7 59.5
  Protein 15.9 17.3 18.7 20.1 21.2 22.6 23.9
  Total 75.2 80.6 86.0 91.4 95.5 101.2 106.4
 a
 Data were obtained after 250 h simulations using dynamic models of ruminal proteolysis presented in Figures 16 and 17, assuming rumen degradation rates
of 5.0, 2.2 and 6.5 /h for soluble protein to peptide, peptide to amino acid (AA) and AA to ammonia, respectively.
b
 Dry matter intake was assumed to be 20 kg/d containing proportionately 0.60 of grass silage and 0.40 of concentrate, respectively.
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Table 10. Effect of the proportion of insoluble protein in protein supplements on the flow of soluble non-ammonia nitrogen (SNAN) and the proportion in
total non-ammonia nitrogen (TNAN) flow leaving the rumena
Proportion of insoluble protein in protein supplementsb
0.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85
TNAN flow, g N/d 350.2 356.7 363.1 369.7 376.3 383.2 389.9 396.7 403.3
SNAN flow, g N/d
  Free AA 9.5 9.4 9.3 9.1 9.0 8.8 8.7 8.6 8.4
  Peptide 23.5 23.3 23.1 22.9 22.7 22.5 22.4 22.2 22.0
  Protein 8.9 8.9 8.9 8.9 8.9 8.8 8.8 8.8 8.8
  Total 42.0 41.6 41.3 40.9 40.6 40.2 39.9 39.5 39.2
Proportion in TNAN flow, g/kg
  Free AA 27.2 26.3 25.5 24.7 23.9 23.1 22.3 21.6 20.9
  Peptide 67.1 65.3 63.6 62.0 60.4 58.8 57.3 55.9 54.6
  Protein 25.5 25.0 24.5 24.0 23.6 23.1 22.6 22.2 21.8
  Total 119.8 116.6 113.6 110.7 107.9 104.9 102.3 99.6 97.3
a
 Data were obtained after 250 h simulations using dynamic models for ruminal proteolysis presented in Figures 16 and 17, assuming rumen degradation rates
of 5.0, 2.2 and 6.5 /h for soluble protein to peptide, peptide to amino acid (AA) and AA to ammonia, respectively.
b
 Dry matter intake was assumed to be 20 kg/d containing proportionately 0.60, 0.20 and 0.20 of grass silage, barley concentrate and rapeseed meal,
respectively.
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Table 11. Effect of degradation rate of insoluble protein in protein supplement on the flow of soluble non-ammonia nitrogen (SNAN) and the proportion in
total non-ammonia nitrogen (TNAN) flow leaving the rumena
Degradation rate of insoluble protein in protein supplementb
0.03 0.05 0.07 0.09 0.12 0.15 0.20 0.30 0.40 0.50
TNAN flow, g N/d 432.2 410.3 396.2 386.4 377.1 370.5 363.6 356.4 352.7 350.5
SNAN flow, g N/d
  Free AA 7.9 8.3 8.6 8.8 9.0 9.1 9.3 9.4 9.5 9.5
  Peptide 20.0 21.4 22.2 22.8 23.4 23.8 24.2 24.7 24.9 25.1
  Protein 7.8 8.4 8.9 9.1 9.4 9.6 9.8 10.0 10.1 10.2
  Total 35.7 38.1 39.7 40.7 41.8 42.5 43.3 44.1 44.6 44.8
Proportion in TNAN flow, g/kg
  Free AA 18.2 20.2 21.7 22.7 23.8 24.6 25.4 26.4 26.9 27.2
  Peptide 46.3 52.0 56.1 59.1 62.1 64.3 66.7 69.3 70.7 71.6
  Protein 18.1 20.6 22.3 23.6 24.9 25.9 27.0 28.1 28.7 29.1
  Total 82.6 92.9 100.1 105.4 110.8 114.8 119.1 123.8 126.3 127.8
a
 Data were obtained after 250 h simulations using dynamic models of ruminal proteolysis presented in Figures 16 and 17 assuming rumen degradation rates
of 5.0, 2.2 and 6.5 /h for soluble protein to peptide, peptide to amino acid (AA) and AA to ammonia, respectively.
b
 Dry matter intake was assumed to be 20 kg/d containing proportionately 0.60, 0.20 and 0.20 of grass silage, barley concentrate and rapeseed meal,
respectively.
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Effect of the kd of insoluble protein  A further simulation was conducted to evaluate the effect
of different protein supplements on the flow of SNAN fractions. Simulations were run using a
range of kd values (0.03 – 0.50) of insoluble protein in protein supplements based on a daily
intake of 20 kg DM containing proportionately 0.60, 0.20 and 0.20 of GS, barley and RSM,
respectively (Table 11). Increases in the flow of SNAN fractions reflected higher kd values of
insoluble protein, indicating that the flow of SNAN is dependent on the source of dietary
protein. However, concentrations or flow of SNAN fractions measured in vivo (Robinson and
McQueen 1994, Robinson et al. 1998, Broderick et al. 2000, II, III) are unaffected by the type
of protein supplement.
3.3.4. Dietary responses
3.3.4.1. Forage
Concentrations of SNAN fractions in the rumen were relatively high for cows fed GS based
diets (Table 2). Even when protein intake was derived solely from GS, a substantial amount
of SNAN accumulated in OD (Table 12). Since a large proportion of CP in fresh grass is
converted to NPN during ensiling (McDonald et al. 1991, Broderick et al. 2002), NPN in GS
can increase ruminal concentrations of SNAN fractions (Vagnoni and Broderick 1997). An
increase in free AA N concentrations has been shown to occur for diets based on lucerne
silage compared with lucerne hay (Broderick 1995, Vagnoni and Broderick 1997). Relatively
high concentrations of SNAN fractions escaping the rumen have been reported when lucerne
silage provides the majority of dietary protein intake (McQueen and Robinson 1996). Silage
is known to provide relatively high amounts of soluble N, particularly in the form of peptides
and free AA (Vagnoni and Broderick 1997).
In spite of large variations in total N intake between diets based on GS prepared from primary
and secondary swards, both concentrations and flow of SNAN in the liquid phase of OD were
unaffected (IV). However, the mean peptide N concentrations tended (P = 0.09) to be higher
for GS from primary than secondary growths (IV). A marginal increase in peptide N
concentration (IV) can be attributed to the higher soluble N intake (210 and 156 g N/d for
primary and secondary growths, respectively). This is consistent with the finding that peptide
N flow is closely related with soluble N intake, and only weakly associated with the insoluble
N intake (Figures 8 and 9).
49
Table 12. Effect of the proportion of crude protein (CP) derived from grass silage on the concentration and flow of peptide N
Peptide NStudy Dieta
mg N/l g N/d
CP from silage,
%
Total N intake,
g N/d
I GS
GS + barley
GS + RSM
GS + barley +RSM
  68.8
  79.6
106.3
108.7
13.6
20.3
19.3
18.7
100
  75
  75
  55
330
400
460
480
II GS + barley
GS + barley + SMP
GS + barley + WDS
GS + barley + untreated RSM
GS + barley + treated RSM
  50.9
  63.7
  60.1
  59.9
  53.9
16.8
20.7
19.9
22.5
17.3
  54
  42
  44
  42
  44
464
545
481
549
522
III GS + barley
GS + barley + FM
GS + barley + SBM
GS + barley + MGM
  56.0
  81.0
  78.4
  72.8
11.8
16.1
13.5
14.3
  57
  45
  42
  45
403
501
511
496
IV 1st GS + RSM + low level of barley
1st GS + RSM + high          ″
2nd GS + RSM + low          ″
2nd GS + RSM + high         ″
  68.5
  62.2
  54.9
  53.6
17.9
17.2
15.5
15.5
  48
  41
  40
  33
425
453
386
431
a
 GS = Grass silage, RSM = rapeseed meal, SMP = skimmed milk powder, WDS = wet distiller’s solubles, FM = fishmeal, SBM = soybean meal, MGM =
maize gluten meal, 1st GS = GS prepared from primary growth, 2nd GS = GS prepared from secondary growth.
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3.3.4.2. Barley
Increases in barley supplementation had only minor effects on microbial NAN flow (IV).
Such small increases are most likely explained as an increase in the recycling of microbial N
resulting from increases in rumen protozoal numbers (Jaakkola and Huhtanen 1993). This
suggestion is consistent with the flow of SNAN fractions being unaffected by barley
supplementation (I) or increases in the level of barley supplementation (IV), with the
exception of soluble protein N and total SNAN flow (I).
3.3.4.3. Protein supplementation
None versus protein-supplemented diets  Protein supplements clearly increased the
concentrations and the flow of SNAN due to higher soluble N intakes (Figures 5 – 13)
compared with unsupplemented diets (I, II, III). Model simulations demonstrated that
increases in dietary protein supplements increased the flow of all SNAN fractions (Table 9).
In contrast, other studies have indicated that protein supplements have little effect on the
concentrations of free AA N (Broderick 1995, Vagnoni and Broderick 1997) and peptide N
(Robinson et al. 1998).
Source of protein supplement  Supplements of RSM (the most common protein supplement
for dairy cows in Finland) increased SNAN concentrations (I, II), but the responses were not
different to other protein sources, e.g. SMP, WDS, RSM and treated RSM (II). Several studies
have shown similar concentrations of free AA N (Broderick et al. 2000) and peptide N and/or
total SNAN (Robinson and McQueen 1994, Robinson et al. 1998) for silage based diets
supplemented with different sources of dietary protein. These findings support the assertion
that peptide N concentrations (or SNAN concentrations) are poorly associated with the
solubility of protein feeds (Williams and Cockburn 1991). On the basis of in vitro incubations
of soluble proteins, Peltekova and Broderick (1996) concluded that ruminal proteolysis is not
solely related to protein solubility.
Untreated versus treated RSM  A negligible difference in SNAN flow between untreated and
treated RSM may reflect the inability of the chemical treatment (II) to reduce protein
degradability as indicated by similar N disappearance and EPD values deriving using the in
situ method (Figure 3 and Table 3). This suggestion may hold true since the flow of free AA
N and peptide N was marginally decreased by increases in the proportion of insoluble N
content of protein supplements based on productions from the dynamic model (Table 10).
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Milk production  Increases in milk (1.7 kg/d) and milk protein yields (67 g/d) attended with
protein supplements (II) were similar to previous responses reported for WDS (Huhtanen et
al. 1995) and RSM supplements (Huhtanen 1998). In studies II and III, various protein
supplements replaced total diet rather than concentrate DM. This was done to ensure that the
proportion of silage and barley was maintained across all diets, and allow the flow of SNAN
per kg DM intake to be estimated for the basal diet, and by difference for each protein (for
detail, see II). On the basis of current estimates and milk production data (II), approximately
90 g/d of CP in SMP escaping the rumen increased 1.1 kg/d of milk and 62 g/d milk protein
yields. When 90, 180 and 270 g/d of casein CP were infused into the abomasum, milk yield
increased by 1.8, 3.2 and 3.5 kg/d and milk protein yield was enhanced by 30, 109 and 160
g/d, respectively (Choung and Chamberlain 1993). This similarity in milk production
responses to casein and rumen-escape of SNAN derived from SMP supports the suggestion
that soluble dietary N fractions can escape degradation in the rumen. Increased plasma AA
concentrations in cows given SMP also provide evidence of the escape of SNAN fractions
from the rumen (II).
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4. GENERAL CONCLUSIONS
Based on studies I – IV and data reported in the literature the following remarks can be
summarised.
1. Close relationships between free AA N concentrations (R2 = 0.93) measured using NHA
and AA analyser and those between total SNAN (R2 = 0.88) determined using Kjeldahl
procedure and NHA indicate that NHA can be used as a reliable method for estimation of
SNAN flow in the liquid phase of digesta entering the omasum.
2. Peptide N rather than free AA N or soluble protein N is quantitatively the most important
fraction of SNAN entering the omasal canal of dairy cows fed grass silage based diets. It
appears that hydrolysis of peptides to AA rather than hydrolysis of soluble proteins to
peptides or deamination of AA to ammonia is the most limiting step of rumen proteolysis.
Since considerable amounts of SNAN can escape degradation in the rumen the
assumptions underlying the in situ method are subject to serious criticism.
3. Whilst diurnal changes in concentrations of SNAN fractions varied between studies,
concentrations of peptide N generally peaked immediately post-feeding, declined between
4 and 6 h post-feeding and remained constant thereafter. This was particularly true for
diets containing protein supplements. Concentrations of other N fractions in SNAN were
relatively constant during the entire feeding cycle.
4. Previous studies have reported that rumen microbes (mainly bacteria and protozoa) can
excrete AA and peptides into rumen fluid. The relatively high microbial contribution to
SNAN (mean 0.61 – 0.71) suggests that a substantial amount of SNAN in the liquid phase
of OD is derived from rumen microbes. Taking this into account indicated that the
proportion of dietary SNAN in total dietary NAN flow leaving the rumen averaged
between 0.05 – 0.09.
5. Close relationships were observed between the a-fraction intake and the flow of peptide
N including free AA N (R2 = 0.94) or that of total SNAN (R2 = 0.73). Use of multiple
regression (Figures 11 and 13) indicated that proportionately between 0.05 and 0.08 of the
a-fraction intake escapes degradation in the rumen. These relationships indicate that
SNAN primarily arises from soluble dietary protein and that soluble protein can escape
degradation in the rumen.
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6. The positive intercept of the equations (Figures 8, 10 and 12) relating the flow of SNAN
fractions to soluble N (or a-fraction) intake indicates that a proportion of SNAN flow is
derived from microbial and dietary insoluble proteins.
7. Similar estimates of SNAN flow measured in studies I – IV were predicted using a
dynamic model assuming kd values of 5.0, 2.2 and 6.5 /h for soluble proteins, peptides
and free AA, respectively. Model simulations indicated that increases in DM intake
increased the flow of SNAN fractions, replacing forage with concentrate feeds increased
the flow of peptide N and soluble protein N, protein supplements increased the flow of
SNAN fractions and increases in the proportion of insoluble N in dietary protein
marginally reduced the flow of free AA N and peptide N.
8. Future studies should be directed towards accurate measurement of protein degradability
in the rumen using 15N-labelled feeds and the development of dynamic models that allow
a reliable prediction of the rate and extent of protein degradation of various feeds in the
rumen.
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